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POINT  DEFECTS  IN  SYNTHETIC  QUARTZ:  A  SURVEY  OF  SPECTROSCOPIC  RESULTS 
WITH  APPLICATION  TO  QUALITY  ASSURANCE 


L.  E.  Halliburton,  M.  E.  Markes,  and  J.  J.  Martin 
Physics  Department,  Oklahoma  State  University 
Stillwater,  Oklahoma  74078 


Summary 

The  behavior  of  point  defects  in  commercially 
available  high-quality  synthetic  quartz  is  reviewed 
with  special  emphasis  being  put  on  precision  appli¬ 
cations  where  radiation  effects  are  important. 
Models  are  presented  for  the  major  defects  and  the 
modification  of  quartz  as  a  result  of  electro¬ 
diffusion  (sweeping)  is  described.  The  present 
understanding  of  the  fundamental  mechanisms  leading 
to  the  radiation-induced  steady  state  and  transient 
response  of  quartz-stabilized  oscillators  is  out¬ 
lined.  Finally,  a  reliable  procedure  to  evaluate 
the  quality  of  quartz  material  prior  to  fabrication 
of  devices  is  described. 

Introduction 

Stringent  sensitivity  and  stability  re¬ 
quirements  for  many  applications  of  quartz  serve 
to  emphasize  the  need  for  systematic,  and  thus  re¬ 
liable,  procedures  to  evaluate  the  quality  of 
quartz  material  prior  to  fabrication  of  devices. 
Accurate  screening  tests  for  use  in  material 
selection  would  greatly  increase  the  uniformity  and 
reliability  of  quartz-containing  devices,  as  veil 
as  save  time  and  reduce  costs  associated  with  the 
fabrication  processes. 

The  quality  of  quartz  is,  of  course,  directly 
related  to  both  the  number  and  type  of  defects 
present  in  the  material.  In  general,  defects  can 
be  divided  into  two  classes;  point  defects  such  as 
isolated  impurities  and  vacancies  and  extended  de¬ 
fects  such  as  dislocations  and  inclusions.  The 
point  defects  in  quartz  have  been  studied  for  over 
twenty-five  years  with  considerable  progress  being 
made.  A  number  of  reviews  have  summarized  much  of 
this  work. 1-5  Recently,  attention  has  also  been 
given  to  investigating  the  extended  defects.6-10 

In  the  present  paper,  we  provide  detailed 
spectroscopic  data  (primarily  infrared  and 
electron  spin  resonance)  describing  the  nature  and 
behavior  of  specific  point  defects  in  quartz  and 
suggest  ways  in  which  such  techniques  can  be  used 
as  reasonable  screening  tests  for  material  selec¬ 
tion.  Our  discussion  is  restricted  to  high-quality 


quartz  designed  for  use  in  precision  applications 
where  radiation  effects  are  important.  First,  we 
introduce  the  models  for  the  various  point  defects. 
Then,  the  electrodiffusion  (sweeping)  process  is 
described  and  the  radiation  damage  mechanisms  are 
detailed.  Finally,  these  results  are  used  to  dis¬ 
cuss  the  present  quartz  evaluation  procedure  and  to 
introduce  new,  more  informative  evaluation  proce¬ 
dures  . 

Point  Defect  Models 

Aluminum,  lithium,  sodium,  hydrogen,  and 
iron  are  among  the  impurities  normally  found  in 
quartz.  The  aluminum  substitutes  for  silicon  while 
the  protons  and  monovalent  alkalis  enter  the  quartz 
lattice  as  interstitials  where  they  charge  com¬ 
pensate  the  aluminum  and  other  electron-excess 
defects.  All  chemical  analyses  of  commercial  syn¬ 
thetic  quartz  have  indicated  the  presence  of  iron, 
but  electron  spin  resonance  has  failed  to  find 
evidence  either  before  or  after  irradiation  of  iso¬ 
lated  Fe3+  ions  in  undoped  samples.  It  is  now 
generally  believed  that  the  iron  is  located  in 
particulate  inclusions  within  the  quartz,  possibly 
as  particles  of  acmite  (Na^0'Fe203*4Si0j)  which 
have  broken  loose  from  the  autoclave  wall,  been 
transported  to  the  crystal  surface,  and  been  en¬ 
closed  by  the  growing  crystals.11  The  acmite  is 
initially  formed  on  the  autoclave  walls  when  the 
mineralizer  solution  reacts  with  the  steel.12 
Recent  results  have  suggested  the  particulate  in¬ 
clusions  in  the  quartz  are  tuhualite,  a  more  com¬ 
plex  sodium  iron  silicate  than  acmite.6 

In  this  section  we  describe  some  of  the 
various  point  defects  which  have  been  observed  in 
synthetic  quartz. 

Compensated  Aluminum  Centers 

Aluminum  is  found  in  all  synthetic  quartz 
grown  using  natural  quartz  as  nutrient.  The 
trivalent  aluminum  ions  easily  substitute  for 
silicon  and  thus,  require  charge  compensation 
(i.e.,  an  aluminum  ion  needs  an  additional  positive- 
charged  entity  in  the  lattice  to  compensate  for 
the  charge  of  the  replaced  silicon) .  Examples  of 
such  charge  compensators  in  quartz  are  H+,  Li+,  or 
Na'1'  ions  at  interstitial  sites  or  holes  trapped  at 
oxygen  ions.  Because  of  the  strong  Coulombic 
attraction  force  of  the  interstitial  ions  and  the 
holes  with  the  aluminum  and  because  of  the  high 
mobility  of  both  the  interstitial  ions  and  the 
holes,  these  charge  compensators  are  usually  lo~ 
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cated  adjacent  to  the  substitutional  aluminum  ions 
and  this  gives  rise  to  either  At-OH",  At-Li+, 
At-Na+,  or  [AS,e+]°  centers.  Schematic  representa¬ 
tions  of  the  compensated  aluminum  centers  are  given 
in  Fig.  1.  These  defect  centers  can  be  observed  by 
widely  varying  experimental  techniques?  infrared 
absorption  in  the  case  of  At-OH"  centers,  acoustic 
loss  in  the  case  of  At-Na+  centers,  and  electron 
spin  resonance  in  the  case  of  [Ate+]°  centers. 

The  At-OH"  center,  shown  in  Fig.  la,  is 
formed  when  an  interstitial  proton  bonds  to  an 
oxygen  ion,  thus  forming  an  OH”  molecule  adjacent 
to  a  substitutional  aluminum.  Stretching  vibra¬ 
tions  of  the  OH"  molecule  lead  to  infrared  ab¬ 
sorption  and  two  bands,  at  3367  and  3306  cm"',  have 
been  attributed  to  the  At-OH"  center.  The  initial 
observation  of  these  two  infrared  bands  was  made 
by  Kats13  and  additional  studies  were  made  by  Dodd 
and  Fraser,11*  Brown  and  Kahan,15  and  Lipson 
et  al,18'1'  Recently,  Sibley  et  ai.18  found  that 
the  relative  intensity  of  the  two  bands  changes 
with  sample  treatment;  an  intense  77  K  irradiation 
destroys  the  two  bands  but  upon  subsequent  anneal¬ 
ing,  they  recover  with  nearly  equal  intensities  up 
to  approximately  200  K  while  in  the  200-270  K 
anneal  region  the  3367  cm"1  band  continues  to  grow 
and  the  3306  cm"1  band  decreases  in  intensity. 

This  suggests  the  two  bands  arise  from  OH"  mole¬ 
cules  in  two  different  but  closely  related  orien¬ 
tations  and  that  a  transfer  from  one  orientation  to 
the  other  occurs  in  the  200-270  K  region. 

Figure  lb  shows  the  A8.-M+  center,  where  M+ 
represents  either  Li+  or  Na+.  This  type  of  center 
consists  of  an  interstitial  alkali  ion  located 
adjacent  to  a  substitutional  aluminum  and  can  give 
rise  to  one  or  more  characteristic  acoustic  loss 
peaks  because  of  the  stress-induced  motion  of  the 
alkali  ion  from  one  equilibrium  position  to 
another  about  the  aluminum  ion.  An  acoustic  loss 
peak  near  50  K  in  5  MHz  5th  overtone  AT-cut  quartz 
resonators  was  initially  observed  by  BOmmsl 
et  al.19'20  and  later  work  by  King21  and  Fraser2'22 
led  to  the  assignment  of  this  peak  to  the  At-Na+ 
center.  Doherty  et  al.23  have  further  character¬ 
ized  the  effects  of  irradiation  and  electro¬ 
diffusion  on  this  50  K  At-Na+  acoustic  loss  peak. 
The  dielectric  loss  of  the  At-Na+  center  has  been 
studied  by  Stevels  and  Volger29  and  Nowick  and  co¬ 
workers.  '  26  Much  less  is  known  about  the  At-Li+ 
center;  Fraser2'22  has  suggested  a  small  acoustic 
loss  peak  near  105  K  is  due  to  the  At-Li+  center 
but  this  must  be  verified  by  further  experiments. 

The  much  discussed  aluminum-hole  center 
(usually  written  as  the  [Ate+]°  center)  consists  of 

a  hole  trapped  in  a  nonbonding  p  orbital  of  an 
oxygen  ion  located  adjacent  to  a  substitutional 
aluminum,  as  shown  in  Fig.  1c.  Formation  of  the 
hole  (i.e.,  removal  of  the  electron)  leaves  an  un¬ 
paired  electron  in  the  oxygen  nonbonding  p  orbital, 
thus  making  the  i.Ate+]°  center  paramagnetic  and 

easily  detectable  by  electron  spin  resonance  (F.SR) . 
The  ESR  spectrum  of  the  [Ate+]°  center,  shown  in 

Pig.  2  for  the  case  when  the  magnetic  field  is 
parallel  to  the  crystal  c  axis,  consists  of  a 


Fig.  1  Schematic  representation  of  (a)  the  At-OH* 
center,  (b)  the  At-M+  center  where  M+  is 
either  Li+  or  Na+,  and  (c)  the  [Ate+]° 
center. 


number  of  overlapping  lines  covering  a  30  gauss 
region  and  centered  at  gc  =  2.0183.  This  complex 
ESR  spectrum  was  first  observed  by  Griffiths 
et  al.27  and  then  immediately  explained  by 
O'Brien.28  The  four  oxygens  surrounding  a  silicon 
(or  aluminum)  are  only  pairwise  equivalent,  sbort- 
and  long-bond  oxygens,  and  the  ground  state  of  the 
[R2e+]°  c®nter  corresponds  to  localization  of  the 

hole  on  a  short-bond  oxygen  neighbor.  However, 
Schnadt  and  Schneider29  have  shown  that  only  0.03 
eV  of  energy  is  required  to  transfer  the  hole  from 
a  short-bond  to  a  long-bond  oxygen  neighboring  the 
aluminum.  This  means  that  at  room  temperature  the 
hole  is  rapidly  jumping  among  the  four  oxygens 
surrounding  the  aluminum  ion.  Recently,  Markes 
and  Halliburton30  have  investigated  the  production 
and  stabilization  conditions  for  [At  .]°  centers, 

Koumvakalis31  has  correlated  tne  [Ate+]°  center  ESR 

spectrum  with  a  visible  optical  absorption,  and 
Martin  and  Doherty32  have  suggested  that  acoustic 
loss  peaks  at  25  K  and  100  K  and  a  broad  loss  over 
the  125-160  K  range  in  5  MHz  5th  overtone  AT-cut 

resonators  is  due  to  the  [At  +]°  center.  King33 

e 

had  earlier  attributed  the  100  K  loss  peak  and  the 
broad  loss  from  *125-160  K  to  the  [At^+J°  center. 

The  comprehensive  review  by  Weil3  summarizes  much 
additional  work  on  the  aluminum-associated  hole 
centers  in  quartz. 
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Fig.  2  ESR  spectrum  of  the  [a£  +]°  center  taken  at 

e 

77  K  and  9.13  GHz  with  the  magnetic  field 
parallel  to  the  crystal's  c  axis 


Hydrogen  Atoms 

When  quartz  is  irradiated  near  77  K,  hydrogen 
atoms  are  formed.  These  centers  were  initially  re¬ 
ported  by  Weeks  and  Abraham31*  and  a  later,  more 
detailed,  investigation  was  made  by  Perlson  and 
Weil.35  Presumably  the  radiation  leads  to  dis¬ 
sociation  of  OH-  molecules  followed  by  displacement 
of  the  hydrogen  to  an  isolated  interstitial  site 
where  it  becomes  stably  trapped.  Because  of  its 
single  unpaired  electron,  the  hydrogen  atom  is 
paramagnetic  end  its  c-axis  ESR  spectrum  consists 
of  a  doublet  exhibiting  a  characteristic  hyperfine 
splitting  of  520  gauss.  The  ESR  linewidths  are  ex¬ 
tremely  narrow,  approximately  0.05  gauss,  and  the 
spectrum  is  easily  saturated  with  microwave  power 
because  of  a  very  long  spin-lattice  relaxation 
time.  The  hydrogen  atoms  thermally  decay  near 
125  K. 

Oxygen  Vacancy  Centers 

Another  class  of  point  defects  which  has  been 
extensively  investigated  in  quartz  is  the  oxygen 
vacancy  centers,  better  knows  as  the  E*-type 
centers.  The  simplest  of  these  defects,  the  Ej 
center,  consists  of  an  oxygen  vacancy  ard  a  single 
unpaired  electron.  This  electron  is  localized  on 
only  one  of  the  neighboring  silicons  in  an  sp3 
hybrid  orbital  extending  into  the  vacancy. 

Weeks36  first  observed  the  ESR  spectrum  of  the  £j 
center.  This  work  was  later  extended  by  Silsbee.37 
Nelson  and  Weeks38  and  Arnold39  examined  the 
ultraviolet  optical  absorption  of  samples  con¬ 
taining  Ej  centers.  The  excellent  theoretical 
work  of  Feigl,  Fowler,  and  Yip1*®*1*1  has  provided 
insight  to  the  electronic  and  ionic  structure  of 
the  Ej  center.  They  explain  the  localization  of 
the  unpaired  electron  on  only  one  silicon  in  terms 
of  an  asymmetrical  lattice  relaxation  of  the  two 
silicons  adjoining  the  vacancy.  Two  additional 
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E  -type  centers,  the  ^2  and  E4  centers,  have  been 
investigated.  The  Ez  center,  first  discovered  by 
Weeks, ***  and  the  E4  center,  reported  by  Weeks  and 
Nelson,1*3  both  exhibit  a  proton  hyperfine  splitting 
In  the  case  of  the  E4  center,  four  hyperfine  lines 
are  observed  in  the  ESR  spectra  but  data  taken  at 
9  and  20  GHz  by  Halliburton  et-al.**1*  clearly  show 
that  two  of  the  four  lines  are  "forbidden" 
transitions  and  that  the  hyperfine  interaction 
actually  is  with  an  I  =  1/2  nucleus.  Isoya 
et  al.1*5  using  the  GAUSSIAN  70  quantum  chemistry 
conputer  program,  have  shown  that  the  model  for  the 
E4  center  consists  basically  of  an  H”  ion  trapped 
in  the  oxygen  vacancy  with  an  unpaired  electron  in 
the  sp3  hybrid  orbital  on  one  of  the  adjoining 
silicons.  A  definitive  model  for  the  e£  center  has 
not  yet  been  presented. 

Thermal  Annealing  Behavior 

Figure  3  shows  ESR  data  taken  during  a 
pulsed  thermal  anneal  experiment  on  an  as- 
received  Premium  Q  sample  which  had  first  been  ir¬ 
radiated  (1.5  MeV  electrons,  3  x  106  rads)  at  300  K 
and  then  at  77  K.  Data  points  were  taken  approxi¬ 
mately  25  degrees  apart  and  were  obtained  by 
holding  the  sample  at  the  given  temperature  for 
five  minutes  then  cooling  to  90  K  where  the  ESR 
spectrum  of  each  center  was  monitored. 

The  [a£  +]°  (aluminum-hole)  center  has  three 

thermal  decay  stages,  at  125-130  K,  430-440  K,  and 
540-550  K.  The  first  [Aie+]°  center  decay  step,  at 

125-130  K,  correlates  directly  with  the  decay  of 
the  hydrogen  atom.  The  second  [a2  +]°  center  decay 

step, ^at  430-440  K,  correlates  with  the  decay  of 
the  Ez  and  E4  centers.  However,  absolute  concen-^ 
tration  measurements  indicate  there  are  too  few  E2 
and  E4  centers  to  account  for  the  observed  de¬ 
crease  in  [Ai.e+]°  centers  at  this  temperature  and 

thus,  there  must  be  one  or  more  additional  defects 
which  are  active  in  this  430-440  K  region.  Also, 
the  formation  of  the  E2  and  E4  centers  is  not  clear 
and  is  not  shown  in  Fig.  3.  Because  of  strongly 
overlapping  ESR  lines  from  other  unidentified  de¬ 
fects,  it  could  not  be  determined  if  the  E2  and  E4 
centers  were  produced  by  the  77  K  irradiation  or 
whether  they  appeared  as  a  result  of  the  hydrogen 
atom  anneal.  The  third  [a^]0  center  decay  step, 

at  540-550  K,  correlates  with  a  growth  of  the  e{ 
center.  Again,  the  increase  in  concentration  of 
the  Ej  centers  is  not  sufficient  to  account  for  the 
decrease  in  the  [Aie+]°  centers.  Finally,  the  Ej 

centers  thermally  decay  over  the  600-675  K  range. 

Electrodiffusion  (Sweeping) 

Quartz  has  large  c-axis  channels  along  which 
interstitial  ions  can  migrate.  King,2*  making  use 
of  this  characteristic  of  quartz,  developed  the 
electrodiffusion  (sweeping)  process  as  a  method 
for  changing  the  concentration  of  specific  inter¬ 
stitial  cations  (i.e.,  H+,  Li+,  Na+,  etc.)  within 
a  given  quartz  crystal. 

This  sweeping  technique  consists  of  applying 
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Fig.  3  Pulsed  thermal  anneal  of  as-received 
Premium  Q  sample  after  irradiation  at 
300  K  and  then  77  K. 


an  electric  field  parallel  to  the  c-axis  of  the 
crystal  while  maintaining  the  sample  temperature  in 
the  400-550°C  range.  Either  a  vacuum  or  an  inert 
gas,  air,  or  hydrogen  atmosphere  surrounds  the 
crystal.  As  positive-charged  species  are  pulled 
along  the  large  c-axis  channels  and  out  of  the 
crystal  by  the  electric  field,  additional  positive- 
charged  species  of  a  similar  or  different  nature 
are  taken  into  the  crystal  at  the  opposite  elec¬ 
trode  in  order  to  maintain  charge  neutrality  for 
the  sample  as  a  whole.  For  example,  if  either  air 
or  a  hydrogen  atmosphere  surrounds  the  crystal,  the 
sweeping  process  will  remove  interstitial  alkali 
ions  from  the  crystal  and  replace  them  with  H+  ions. 
The  removal  of  interstitial  Na+  ions  by  sweeping  in 
a  hydrogen  atmosphere  is  illustrated  in  Fig.  4.  In 
this  case,  the  resonator  itself  was  swept  after  ob¬ 
taining  the  as-recei ved  data.  The  50  K  acoustic 
loss  peak  due  to  the  Ai-Na+  center,  initially 
present,  is  effectively  eliminated  by  the  sweeping. 
Figure  5  shows  that  as  the  interstitial  alkali  ions 
are  removed  by  sweeping  in  a  hydrogen  atmosphere, 
protons  are  entering  the  crystal.  After  sweeping, 
the  initial  infrared  absorption  peaks  are  un¬ 
changed  but  the  two  bands  at  3367  and  3306  cm”1, 
due  to  the  Ai-OH”  centers,  have  increased  signifi¬ 
cantly. 

Numerous  cases  exist  in  the  literature  where 
the  sweeping  process  has  greatly  helped  in  clari¬ 
fying  the  behavior  of  point  defects  in  quartz. 
13,22,23,20,46,47 


Fig.  4  Acoustic  loss  (Q_1)  versus  tenperature  for 
a  5  MHz  5th  overtone  AT-cut  resonator  be¬ 
fore  and  after  sweeping  in  a  hydrogen 
atmosphere. 
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Radiation  Response  Mechanisms 

Ionizing  radiations  (i.e.,  x-rays  and  gamma 
rays  as  well  as  high  energy  electrons  and  protons) 
create  large  numbers  of  uncorrelated  electron-hole 
pairs  in  quartz.  Such  behavior  is  important  in  all 


Fig.  5  Infrared  absorption  spectra  taken  at  78  K 
of  a  Premium  Q  sample  before  (B)  and  after 
(A)  sweeping  in  a  hydrogen  atmosphere. 
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insulator  materials,  but  it  is  especially  crucial 
in  quartz  because  it  leads  to  clearly  observable 
effects  in  the  behavior  of  interstitial  cations  and 
has  major  ramifications  with  regard  to  quartz  de¬ 
vice  operation.  If  the  recombination  of  a 
radiation-induced  electron  and  hole  occurs  at  or 
very  near  an  interstitial  monovalent  cation,  the 
energy  given  up  by  the  recombining  electron  and 
hole  may  be  used  to  free  the  interstitial  from  its 
trapping  site.  Thus,  energy  that  was  initially 
carried  by  the  irradiating  photon  or  particle  is  at 
least  partially  transferred,  via  the  intermediate 
formation  of  the  electron-hole  pairs,  to  kinetic 
energy  of  the  interstitial  cations.  Questions 
concerning  the  valence  state  of  the  interstitial 
during  the  induced  motion  are  unanswered  at  this 
tine  and  details  of  the  dissociation  mechanisms  of 
the  interstitial  and  its  trapping  entity  are  still 
not  clear.  As  a  result,  considerable  study  of  the 
fundamental  radiolysis  (photochemical)  processes  in 
quartz  must  be  done  in  the  years  to  come. 

As  an  example  of  radiation-induced  mobility 
of  interstitials,  Fig.  6  shows  the  infrared  ab¬ 
sorption  of  an  Electronic  Grade  sample  in  the  as- 
received  state  and  after  an  electron  irradiation  at 
300  K.  The  infrared  peaks  initially  present  have 
decreased  as  a  result  of  the  irradiation  while  two 
bands  have  increased.  This  shows  that  protons 
trapped  at  sites  giving  rise  to  the  infrared  bands 
at  3585,  3440,  and  3400  cm-1  have  moved  over  to 
aluminum  sites  where  they  give  rise  to  bands  at 
3367  and  3306  cm-1.  Additional  experiments  by 
Sibley  et  al.18  and  Markes  and  Halliburton30  have 
shown  that  movement  of  the  protons  can  be  induced 
by  radiation  at  temperatures  as  low  as  10  K. 

In  contrast  to  the  behavior  of  hydrogen  under 
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Fig.  6  Infrared  absorption  of  an  Electronic  Grade 
sample  before  and  after  electron  irradi¬ 
ation  . 


irradiation,  the  interstitial  alkalis  can  not  be 
induced  to  move  at  all  temperatures.  Markes  and 
Halliburton30  have  shown  that  the  onset  of 
radiation-induced  mobility  of  the  alkali  inter¬ 
stitials  occurs  at  approximately  200  K.  Below  this 
temperature,  the  interstitial  is  in  the  form  of 
Afc-M+  centers  and  is  uneffected  by  radiation  while 
above  this  temperature,  the  radiation  dissociates 
the  Ai-M*  center  and  allows  AL-OH-  and  [Aie+]° 

centers  to  be  formed.  After  removal  from  the 
aluminum  ion,  the  interstitial  alkali  ion  becomes 
trapped  at  an  unknown  site  in  the  crystal.  Heating 
the  crystal  to  the  400-500°C  region  causes  the 
interstitial  alkali  ions  to  return  to  the  aluminum 
ions  and,  thus,  restores  the  crystal  to  its  pre¬ 
irradiated  state.  Of  course,  in  hydrogen-swept 
crystals,  the  interstitial  alkali  ions  have  already 
been  removed  and  no  effects  due  to  alkali  mobility 
are  observed. 

Quartz-stabilized  oscillators  exposed  to 
ionizing  radiation  may  exhibit  transient  and 
steady-state  changes  in  frequency  and  Q.  Figure  7 


OSCILLATOR  RESPONSE  TO  RADIATION 
PULSE  AT  TIME  t0 


Fig.  7  Simplified  representation  of  the  response 
of  a  quartz-stabilized  oscillator  to  a 
short  pulse  of  radiation  at  time  tQ. 


shows,  in  a  greatly  sinplified  fashion,  the  re¬ 
sponse  of  a  quartz  oscillator  to  a  short  pulse 
of  radiation  at  time  tc.  The  oscillator  will  ex¬ 
perience  a  transient  offset  which  usually  decays 
within  seconds  to  a  smaller  steady-state  offset 
(usually  negative).  In  severe  cases,  the  oscil¬ 
lator  will  stop  until  the  transient  decreases 
sufficiently  to  allow  oscillation  to  resume. 

If  precautions  have  been  taken  in  oscillator 
design,  then  interstitial  ions  become  the  major 
cause  of  radiation  effects.  For  irradiations  at  or 
above  room  temperature,  both  hydrogen  and  alkali 
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interstitials  will  be  displaced,  The  hydrogen, 
initially  in  the  form  of  A£-OH"  centers,  is  moved 
out  into  the  lattice  during  irradiation,  but 
because  there  are  no  other  stable  trapping  sites  it 
quickly  returns  to  the  aluminum.  While  the  hydro¬ 
gen  is  gone  from  the  aluminum  site,  a  hole  will 
become  trapped  as  an  [A4e+]°  center  and  the 

acoustic  loss  of  the  sample  will  change.  King  and 
Sander33  have  proposed  that  the  radiation-induced 
transient  oscillator  frequency  changes  result  from 
this  transient  motion  of  the  hydrogen  away  from  and 
then  back  to  the  aluminum  site.  Interstitial 
alkali  ions,  initially  in  the  form  of  A£-M+  centers, 
are  also  displaced  from  the  aluminum  during  irradi¬ 
ation  at  or  above  room  temperature .  However,  the 
interstitial  alkali  ions  become  trapped  at  sites 
not  yet  identified  and  there  are  no  transient 
effects.  Aluminum-hole  centers  are  stably  formed 
as  the  alkalis  are  removed  from  the  aluminum  ion 
and  this  will  change  the  acoustic  loss  of  the 
sample  in  a  steady-state  manner.  Thus,  we  believe 
the  hydrogen  plays  a  crucial  role  in  the  transient 
response  of  oscillators  while  the  alkalis  are  im¬ 
portant  in  the  steady-state  response  to  radiation. 


Duality  Assurance  Procedures 


As  can  be  seen  from  the  previous  section, 
inpurities  in  quartz  have  a  direct  effect  on  device 
performance  in  a  radiation  environment.  Aluminum 
is  the  key  impurity  since  its  need  for  charge  com¬ 
pensation  leads  to  the  introduction  of  the  positive 
interstitial  cations.  Efforts  to  reduce  the  alumi¬ 
num  content  and  related  interstitial  content  should 
lead  to  more  radiation-hardened  devices. 


Commercial  quartz  growers  have  responded  to 
the  various  needs  of  the  industry  by  offering 
several  grades  of  material.  For  example.  Sawyer 
produces  Electronic  Grade,  Premium  Q,  and  Optical 
Grade.  Infrared  absorption  spectra  taken  at  78  K 
from  an  Electronic  Grade  sample  and  a  Premium  Q 
sample  are  shown  in  Fig.  8.  The  two  bands-  at  3300 
and  3200  cm-1  are  intrinsic  and  must  be  the  same 
intensity  in  both  samples.  The  remaining  bands  at 
3585,  3440,  and  3400  cm-1  are  much  smaller  in  the 
Premium  Q  than  in  the  Electronic  Grade  material. 


At  the  present  time,  the  commercial  growers 
use  a  room  temperature  infrared  test  to  determine 
in  which  category  a  quartz  bar  should  be  placed. 
This  test  compares  the  infrared  absorption  at  3500 
cm-1  with  that  at  3900  cm-1  and  the  difference  is 
used  to  predict  the  Q  of  the  material.1'8 
Essentially,  this  infrared  test  provides  a  rough 
measure  of  the  OH"  content  of  the  crystal  and, 
since  the  concentration  of  other  inpurities  appears 
to  scale  with  the  OH",  the  test  provides  a  good 
initial  screen  of  quartz  quality,  .’cwever,  for 
precision  applications,  additional  information  can 
be  obtained  from  the  infrared  absorption  if  the 
data  are  obtained  at  liquid  nitrogen  temperature 
and  a  scan  from  3700  to  3200  cm"1  is  made.  Figure 
9  compares  the  infrared  absorption  from  an 
Electronic  Grade  sample  at  78  K  and  300  K.  TWo  of 
the  bands,  at  3440  and  3400  cm"1,  are  extremely 
sensitive  to  the  observation  temperature. 


ExC  AS-GROWN 

78 K  EG- ELECTRONIC  GRADE 

PQ-PREMIUM  Q 


3600  3400  3200 

WAVE  NUMBER  (cm'1) 


Fig.  8  Comparison  of  the  infrared  absorption  of  an. 
Electronic  Grade  and  Premium  Q  sample. 


EiC  ELECTRONIC  GRADE 

-  78K 

.  300K 


WAVE  NUMBER  (cm'1 ) 


Fig.  9  Infrared  absorption  of  an  Electronic  Grade 
sample  taken  at  78  K  and  300  K. 


In  the  course  of  our  investigations,  we  have 
surveyed  a  number  of  sairples  for  aluminum  content 
using  the  electron  spin  resonance  technique.  The 
results  for  ten  Premium  Q  samples  are  given  in  Fig. 
10.  Each  vertical  bar  represents  a  different 
sample  and  the  aluminum  content  varies  from  less 
than  1  ppm  (Si)  to  near  15  ppm.  From  this,  it  is 
easy  to  understand  the  large  variations  that  have 
been  found  in  the  radiation  response  of  quartz 


6 


oscillators 


ALUMINUM  CONTENT  OP  VARIOUS  PREMIUM  Q  SAMPLES 


Fig.  10  Aluminum  content  of  ten  randomly  selected 
Premium  Q  samples  as  determined  by  elec¬ 
tron  spin  resonance. 


We  propose  that  quartz  which  is  to  be  used  in 
precision  oscillators  for  radiation  environments  be 
evaluated  by  electron  spin  resonance  to  determine 
the  aluminum  content.  An  ESR  test  developed  by 
Markes  and  Halliburton30  not  only  gives  the  alumi¬ 
num  content  but  also  determines  the  effectiveness 
of  any  sweeping  previously  performed  on  the  bar. 
This  ESR  test  consists  of  subjecting  a  sample  to 
three  irradiations;  the  first  at  77  K,  the  second 
at  room  temperature,  and  the  third  at  77  K.  After 
each  of  the  77  K  irradiations;  the  [Aie+]0  center 

ESR  spectrum  is  taken.  The  intensity  of  the 
[A4e+]°  center  spectrum  after  the  third  irradiation 

is  a  direct  measure  of  the  aluminum  content  and  the 
ratio  of  the  intensities  of  the  [A&e+]°  center 

spectra  after  the  first  and  third  irradiations  is  a 
measure  of  the  effectiveness  of  any  previous  sweep¬ 
ing.  This  ratio  indicates  the  percentage  of 
alkalis  that  were  removed  from  the  crystal  by  the 
sweeping.  Figure  11  shows  the  application  of  this 
ESR  test  to  an  unswept  and  a  swept  sample,  both  cut 
from  the  same  initial  bar.  The  unswept  sample, 
shown  on  the  left  of  Fig.  11,  shows  a  dramatic  in¬ 
crease  in  the  [A&e+]°  center  spectrum  from  the 

first  to  the  second  77  K  irradiation.  The  two 
irradiations  give  nearly  identical  spectra  for  the 
swept  sample,  shown  on  the  right  side  of  Fig.  11, 
indicating  that  it  is  100*  swept. 


PREMIUM  Q  QUARTZ 

UNSWEPT  SWEPT 

1ST  77  K  IRRADIATION 


2ND  77  K  IRRADIATION 


Fig.  11  Example  of  the  ESR  evaluation  test  applied 
to  an  unswept  and  a  swept  quartz  sample. 
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Summary 

Dielectric  relaxation  and  electrical  conduc¬ 
tivity  measurements  have  b.een  used  to  study  defects 
of  the  type  which  may  be  responsible  for  frequency 
changes  in  quartz  crystals,  viz.,  Al-M  pairs,  where 
M  denotes  an  interstitial  alkali  ion.  For  the  Al- 
Na  defect  two  dielectric  and  two  corresponding 
anelastic  peaks  have  been  well  established.  The 
existence  of  analogous  peaks  for  Al-Li  is  not  as 
clear. 

Electrical  conductivity  is  believed  to  be  due 
to  the  migration  of  dissociated  M+  ions  down  c-axis 
channels  of  the  crystal.  The  conductivity  of 
natural  and  several  synthetic  crystals  is  studied, 
both  in  the  unirradiated  state  and  following  expos¬ 
ure  to  X-rays  or  y-rays.  Room- temperature  irradia¬ 
tion  is  shown  to  produce  a  greatly  enhanced  con¬ 
ductivity  attributed  to  the  freeing  of  alkali  ions 
from  bound  pairs.  Appropriate  activation  energies 
and  pre-exponential  quantities  for  both  irradiated 
and  unirradiated  samples  are  analyzed.  There  are 
striking  differences  between  the  natural  and  syn¬ 
thetic  crystals.  The  results  for  the  synthetic 
crystals  are  interpreted  in  terms  of  the  Al-M  pair 
and  its  dissociation.  In  the  case  of  the  natural 
crystals,  however,  the  quantitative  aspects  of  the 
interpretation  remain  unresolved. 

Introduction 

The  defect  in  a-quartz  consisting  of  an  Al3+ 
ion  substituting  for  Si4+  together  with  a  nearby 
charge-compensating  monovalent  ion,  M+,  has  been 
widely  recognized  as  an  important  contributor  to 
resonator  frequency  instability,  especially  under 
irradiation.1  One  of  the  most  direct  ways  to  study 
this  defect  is  through  electrical  measurements.  In 
particular,  the  associated  Al-M  pair  can  give  rise 
to  dielectric  relaxation  phenomena,  while  the  dis¬ 
sociation  of  the  pair  leads  to  the  presence  of  in¬ 
terstitial  M+  ions  which  constitute,  perhaps,  the 
principal  source  of  electrical  conductivity  in  such 
crystals.  The  present  paper  is  concerned  with  the 
use  of  these  two  types  of  electrical  measurements 
to  attempt  to  learn  more  about  these  basic  defects, 
and  as  a  tool  to  better  characterize  quartz 
crystals. 


*Now  at  Argonne  National  Laboratory. 


Dielectric  Relaxation 

If  a  defect  pair  in  a  crystal  possesses  more 
than  one  equivalent  orientation,  the  application  of 
an  electric  field  can  split  the  energy  levels  of 
these  orientations  so  that  certain  orientations 
will  be  preferred  over  others.  If  sufficient  time 
is  allowed,  reorientation  will  then  occur  so  as  to 
increase  the  relative  occupancy  of  the  preferred 
orientations.  For  an  alternating  electric  field, 
this  gives  rise  to  an  electric  displacement  that 
lags  behind  the  field  by  an  angle  6  given  by  the 
well-known  Debye  equation 

tan  6  =  (Ae/c)wx/(l  +  w2t2)  (1) 

where  w  is  the  circular  frequency,  e  the  dielectric 
constant,  Ac  the  "relaxation  of  c"  which  measures 
the  magnitude  of  the  effect,  and  t  is  the  "relaxa¬ 
tion  time".2  Eq.  (1)  takes  the  form  of  a  symmetric 
peak  ("Debye  peak")  in  a  plot  of  tan  6  versus  log 
wt.  Since  the  relaxation  time,  t,  often  results 
from  an  activated  atomic  process  it  may  be  expected 
to  take  the  form 

T  =  t0  exp(Er/kT)  (2) 

where  Er  is  the  activation  energy  for  relaxation 
and  kT  has  its  usual  meaning.  Accordingly,  the 
relaxation  phenomenon  can  be  observed  as  a  sym¬ 
metric  peak  of  tan  6  versus  l/T  at  a  fixed 
frequency  (i.e.,  varying  t  instead  of  u>,  by  varying 
the  temperature). 

In  an  analogous  way,  the  same  defect  can  give 
rise  to  anelastic  relaxation  peaks  of  the  Debye 
form  under  an  alternating  applied  stress.3 
Further,  a  change  in  the  magnitude  of  such  a  peak 
will  produce  a  corresponding  resonant  frequency 
shift  at  all  temperatures  above  that  of  the  peak.1’3 

In  a  classic  study  of  dielectric  relaxation  in 
quartz,  Steve! s  and  Volger4  observed  a  number  of 
such  loss  peaks,  (in  the  direction  parallel  to  the 
crystalline  c-axis)  over  a  wide  range  of  tempera¬ 
tures  and  conditions.  Most  importantly,  they 
established  that  a  particular  pair  of  low- 
temperature  peaks,  whose  heights  always  occurred  in 
a  fixed  ratio,  were  due  to  the  presence  of  both  A1 
and  Na.  These  peaks,  which  were  observed  at  38  and 
95° K  at  a  frequency  of  32  kHz,  were  attributed  by 
these  authors  to  the  Al-Na  pair.  Figure  1  shows  an 
illustration  of  these  peaks.5  They  occur  at 
slightly  lower  temperatures  since  the  frequency, 
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in  this  case,  is  2  kHz.  (There  are  also  two  addi¬ 
tional  peaks  at  higher  temperatures  whose  origin  is 
not  yet  establishe'.).  The  height  of  either  of  the 
Al-Na  peaks  is  directly  proportional  to  the  concen¬ 
tration  of  these  defects  and,  therefore,  can  be 
used  as  an  analytical  technique. 

It  is  appropriate  to  ask  why  a  particular 
defect  pair  should  produce  two  peaks  instead  of 
just  one.  The  answer  is  that  two  peaks  result  when 
the  pair  can  exist  in  two  non-equivalent  states, 
say  a  nearest  and  next-nearest  neighbor  (nn  and 
nnn)  configuration.2-4  Nowick  and  Stanley6  and 
Park  and  Nowick5  have  developed  a  rather  explicit 
model  to  explain  the  details  of  the  two  Al-Na 
peaks.  In  this  model,  the  lower  peak  is  due  to  a 
flip-flop  motion  between  the  two  equivalent  nn  Na 
sites  on  a  given  A1 O4  distorted  tetrahedron,  while 
the  upper  peak  involves  relaxation  of  the  nnn  de¬ 
fect.  Locations  of  the  Na  in  relation  to  the  four 
02-  ions  of  the  distorted  tetrahedron  are  proposed, 
both  for  the  nn  and  nnn  configurations. 

An  analogous  pair  of  peaks  has  also  been  found 
in  anelastic  relaxation,7*8  as  summarized  in  Table 
I.  Because  of  the  higher  frequency  employed 
(5  MHz)  these  peaks  occur  at  a  higher  temperature 
than  the  dielectric  peaks;  however,  when  the 
corresponding  activation  activation  energies  (Er) 
are  calculated  excellent  agreement  is  found,  thus 
supporting  the  claim  that  the  two  types  of  peaks 
have  the  same  origin. 

For  other  alkalis  (Li+  and  K+,  in  particular), 
Stevels  and  Volger4  report  dielectric  loss  peaks, 
but  only  a  single  one  for  each  alkali.  These,  and 
possible  corresponding  anelastic  peaks7*8  are  also 
listed  in  Table  I.  For  the  Li  Peak,  the  E-  values 
do  not  agree  well;  in  addition,  the  anelastic  peak 
is  rather  broad.  We  conclude  that  there  is  a  need 
for  further  study  before  these  dielectric  and 
anelastic  peaks  can  be  used  to  identify  the  Al-Li 
defect  with  the  same  confidence  with  which  we  now 
can  identify  the  Al-Na  pair. 

TABLE  I.  SUMMARY  OF  DATA  ON  ANELASTIC  AND 

DIELECTRIC  LOSS  PEAKS,  GIVING  FREQUENCY, 
PEAK  TEMPERATURE  (TD),  ACTIVATION  ENERGY 
AND  PROPOSED  ALKALI^ ION. 


Type 

Freq. 

A 

Er 

M+ 

(MHz) 

(eV) 

ion 

Die! . 

.03 

38 

.062 

Na 

.03 

95 

.154 

Na 

Anel. 

5 

50 

.059 

Na 

5 

135 

.160 

Na 

Diel. 

.03 

60 

.097 

Li 

Anel. 

5 

105 

.125 

Li 

Diel. 

.03 

140 

.227 

K 

Anel . 

5 

208 

.246 

K 

Electrical  Conductivity 

Background 

Because  of  the  very  large  band  gap  (<v  9  eV)  of 
crystalline  quartz,9  the  electrical  conductivity  of 


an  unirradiated  crystal  may  be  expected  to  be 
totally  ionic.  In  terms  of  the  Al-M  defect  model, 
conductivity  is  most  reasonably  attributed  to  M+ 
interstitials  that  have  dissociated  and  are  migrat¬ 
ing  freely  down  the  open  c-axis  (i.e.,  Z-axis) 
channels  of  the  crystal.  Because  of  the  structure 
of  quartz,  one  would  then  expect  a  high  degree  of 
anisotropy,  with  the  conductivity  measured  perpen¬ 
dicular  to  the  c-axis  being  much  lower  than  that 
parallel  to  this  axis.  Such  anisotropy  has  indeed 
been  observed.10  In  the  present  paper,  we  will 
concern  ourselves  primarily  with  the  conductivity 
along  the  c-axis. 

The  expression  for  the  conductivity,  o,  is 
0  =  nieui  -=  ciN0eiJi 

where  n-j  and  ci  denote  the  concentration  of  free 
interstitial  ions  (in  number/vol.  and  mole  frac¬ 
tion,  respectively),  p-j  is  the  mobility  of  these 
ions,  e  the  electronic  charge  and  N0  the  concentra¬ 
tion  of  Si  atoms  in  the  crystal.  The  mobility  y-j 
is  given  by11 

=  (ed2/kT)ri  =  (ed2/kT)v^  exp(~Em/kT)  (4) 

where  d  is  the  jump  distance,  Ti  the  jump  frequency, 
Vg  the  oscillation  frequency  (including  the  activa¬ 
tion  entropy  term)  and  Em  the  activation  energy  for 
the  elementary  interstitial  migration  step. 

The  quantity  c^  is  controlled  by  the  dissocia¬ 
tion  equilibrium  of  the  pair: 

(Al-M)p  t  Als  +  M1 

where  Als  refers  to  the  isolated  substitutional 
Al3+  ion.  Since  Als  and  M}  are  formed  together, 
their  concentrations  may  be  taken  as  equal.  Thus, 
the  corresponding  mass-action  equation  for  the 
above  equilibrium  is 

c^/Cp  =  H  exp(-EA/kT)  (5) 

cp  being  the  concentrations  of  pairs  and  E/\  the 
association  energy  of  the  pair,  and  the  factor  H 
occurs  because  the  pair  has  two  equivalent  orienta¬ 
tions.  Anticipating  almost  complete  association  in 
the  range  of  the  experiments,  we  set  cp  s  c+,  the 
total  mole  fraction  of  A1  in  the  crystal.  Thus, 


Ci  =  (ct/Z)H  exp(-EA/2kT)  (6) 

Inserting  Eqs.  (6)  and  (4)  into  (3)  gives  the 
standard  form  for  the  dependence  of  a  on  T: 

aT  =  A  exp(-E0/kT)  (7) 

in  which  the  activation  energy,  Ea,  is  given  by 

E«  ■  e»**a  <«> 

and  the  pre-exponential  factor  by 

A  =  (ct/Z)H  N0e2Vgd2/k  (9) 

Eq.  (7)  suggests  that,  one  should  plot  log  oT 


versus  1/T,  and  obtain  E0  from  the  slope  and  A  from 
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the  intercept.  It  is  important  to  note  that  once 
ct  is  known,  all  quantities  in  the  expression  for  A 
are  known.  (There  is  some  uncertainty  in  the  term 
vA,  which  is  expected  to  be  n,  3  x  1013sec_1  to 
within  a  factor  ^  3.) 

The  above  theory  must  be  applied  with  caution, 
since  it  is  based  on  only  one  type  of  defect  pair 
and  its  dissociation  equilibrium.  It  is  well 
recognized  that  quartz  crystals  often  contain  other 
defects,  particularly  hydrogen  at  various  types  of 
sites.12*13 

In  the  literature  there  is  much  electrical 
data  for- quartz  based  on  d.c.  measurements  or  a.c. 
measurements  at  a  fixed  frequency.10  Such  results 
can  be  complicated  by  secondary  processes  such  as 
space  charge  formation,  electrode  processes,  etc. 

In  the  present  work,  we  have  used  a.c.  bridge 
measurements  over  a  wide  range  of  frequencies  with 
complex-impedance  analysis.15  In  this  way,  it  is 
possible  to  separate  out  extraneous  effects  from 
the  true  lattice  conductivity  process.  Details 
will  be  presented  elsewhere.15 

Results  on  Unirradiated  Crystals 

A  high  quality  natural  crystal  from  Arkansas 
and  three  synthetic  crystals  were  studied.  The 
latter  Include  one  Electronic  Grade  and  one  Premium 
Q  Grade  from  Sawyer  Research  Products,  as  well  as  a 
small  crystal  (denoted  S4)  grown  several  years 
earlier  by  Sawyer  at  a  moderately  rapid  rate.  The 
results,  in  Fig.  2,  show  a  striking  difference 
between  the  natural  crystal  and  the  three 
synthetics,  in  that  the  natural  one  has  a  much 
higher  conductivity  and  a  lower  E0.  (Such  a  dif¬ 
ference  between  natural  and  synthetic  crystals  has 
already  been  reported.16)  On  the  other  hand, 
differences  among  the  three  synthetics  are  sur¬ 
prisingly  small.  For  comparison,  we  present  below 
the  activation  energies  and  pre-exponentials  for 
the  Premium  Q  synthetic  and  the  natural  crystal: 

TABLE  .II.  SOME  RESULTS  OF  CONDUCTIVITY 
EXPERIMENTS. 

Ea(eV)  A(°K/n-cm) 

Prem.  Q  1.33  1.1  x  106 

Natural  0.82  2.2  x  104 

In  addition,  hydrogen  sweeping  (under  a  high 
d.c.  field  and  high  temperature)  was  carried  out 
for  several  of  the  samples;  the  effect  was  always 
to  reduce  a  by  about  a  factor  of  10,  but  leaving 
the  slope  almost  unchanged.  This  suggests  that  H+ 
is  more  tightly  bound  than  alkali  ions  and  does  not 
contribute  appreciably  to  the  conductivity  so  long 
as  some  alkali  remains. 

It  is  important  to  examine  the  pre-exponential 
factor  closely.  Eq.  (9)  gives  a  complete  exores- 
sion  for  A  in  which  all  quantities  are  known  except 
for  C£.  For  the  Premium  Q  crystal,  ESR  studies 
following  irradiation  (in  which  Al-hole  centers  are 
generated)17  show  that,  for  this  material, 


ct  -  6  ppm.  Substituting  into  Eq.  (9)  gives 
A  =  1.5  x  103  °K/fi-cm.  On  the  other  hand,  the 
experimental  value  of  A  (Table  II)  is  about  103 
times  larger  than  this  calculated  value.  There  is 
no  way  to  reconcile  this  discrepancy  without  a  sig¬ 
nificant  change  in  the  assumptions  on  which  Eq.  (9) 
is  based.  The  most  reasonable  such  change  is  to 
regard  that  the  jump  distance  d  must  be  rep’aced  by 
a  larger  value  l.  This  could  come  about  if  there 
exist  secondary  barriers  to  the  migration,  with 
activation  energy  Em  (>  Em) ,  spaced  at  intervals  l 
along  the  c-axis.  In  this  case,  E  must  be 
interpreted  as 

E,  •  ('0) 

rather  than  by  Eq.  (8),  while  Eq.  (9)  for  A  would 
have  l  in  place  of  d.  In  the  present  case  -t/d  n* 

30,  i.e.  the  secondary  barriers  are  spaced  at 
intervals  ^  30  interatomic  distances,  in  order  to 
account  for  the  factor  of  103. 

These  remarks  relate  primarily  to  the  syn¬ 
thetic  crystals.  The  question  of  interpretation 
of  the  data  on  natural  crystals  will  be  discussed 
in  the  closing  section. 

Results  on  Irradiated  Crystals 

While  electronic  defects  are  not  involved  in 
unirradiated  quartz  crystals  because  of  the  large 
band  gap,  irradiation  does  generate  electrons  and 
holes,  thus  making  possible  the  liberation  of 
alkalis  from  Al-M  pairs.  It  has  been  shown  re¬ 
peatedly  (through  Infrared  and  ESR  studies)  that 
alkalis  become  mobile  during  irradiation  only  at 
temperatures  above  200-250°K,  but  certainly  at  room 
temperature.17*18  This  result  can  be  very  signifi¬ 
cant  to  conductivity  studies,  since  the  observed 
activation  energy  for  unirradiated  crystals 
involves  the  sum  of  motion  and  association  energies 
[Eq.  (8)  or  (10)]  which  cannot  be  obtained 
separately.  On  the  other  hand,  the  same  theory 
shows  that  if  the  value  of  c-j  were  fixed  (e.g.,  as 
a  concentration  generated  in  an  Irradiation  experi¬ 
ment),  a  will  vary  with  temperature  only  through  a 
motion  energy.  In  fact,  combining  Eqs.  (3)  and  (4) 
for  a  fixed  c-j  gives:  Ea  =  Em  and 

A  =  cjN0e2Vod2/k  (11) 

We  have  carried  out  long  time  (1-4  hr) 

X-ray  and  y-ray  Irradiations  of  quartz  crystals  and 
studied  the  conductivity  at  room  temperature  over 
periods  from  minutes  to  hours  after  cessation  of 
the  irradiation.  A  considerably  enhanced  conduc¬ 
tivity  is  observed  at  room  temperature,  with  o 
values  105  larger  than  the  values  obtained  by 
extrapolation  of  the  curves  in  Fig.  2.  This  radia¬ 
tion-induced  conductivity  decays  with  time, 
however,  showing  that  the  enhanced  carriers  are 
being  continuously  trapped  or  immobilized  (see  Fig. 
3).  It  is,  therefore,  difficult  to  obtain  a  as  a 
function  of  T  for  constant  c-j.  If,  however,  the 
specimen  is  cooled  to  temperatures  below  n,  0°C,  the 
decay  process  slows  down  so  considerably  that 
measurements  as  a  function  of  temperature  can  be 
made  reversibly  in  this  range.  Figure  4  provides 
an  example  of  such  data  for  a  synthetic  crystal, 
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both  swept  and  unswept.  A  relatively  low  activa¬ 
tion  energy  Ea  =  0.14  eV  Is  consistently  observed 
for  synthetic  crystals  in  this  way.  This  radia¬ 
tion  induced  conductivity  is  highly  anisootropic; 
values  for  a  perpendicular  to  the  c-axis  are 
generally  too  small  to  measure. 

Similar  experiments  were  carried  out  for 
natural  crystals.  In  this  case  a  higher  activation 
energy  'v  0.45-0.50  eV  was  obtained.  (Note  that 
this  is  the  reverse  of  the  situation  for  unirradi¬ 
ated  crystals  where  Ea  was  smaller  for  the  natural 
crystals.  See  Table  II.) 

It  is  interesting  to  compare  these  results 
with  the  work  of  Hughes,19  who  irradiated  crystals 
with  very  short  X-ray  pulses  and  made  observations 
of  subsequent  conduction  over  short  time  periods. 

He  found  an  initial  very  rapid  decay  process 
(times  £  30  nsec)  during  which  there  was  no  strong 
anisotropy  in  the  conductivity,  followed  by  a  long 
tail  in  times  ^  msec  to  seconds,  which  effect 
showed  high  anisotropy.  He  suggested  that  the 
short  time  effect  relates  to  electronic  carriers 
while  the  longer  time  effect  could  be  attributed  to 
ionic  carriers,  viz.,  released  alkali  ions.  The 
present  results  support  this  notion.  The  small 
activation  energy  of  0.14  eV  that  we  measure  for 
synthetic  crystals  can  reasonably  be  attributtu  to 
Em,  the  jump  activation  energy  of  free  alkali  ions 
along  the  c-axis  channels.  Further,  taking  the 
value  of  the  pre-exponential  factor  from  the  upper 
curve  of  Fig.  3  and  substituting  it  in  Eq.  (11), 
we  obtain  cj  'v,  10-5  ppm.  This  is  an  extremely 
small  value,  only  'v  10"6-10'7  of  the  total  A1  con¬ 
tent,  but  it  is  consistent  with  the  expectation 
that  irradiation  and  subsequent  decay  can  only 
leave  a  small  fraction  of  the  total  available  alka¬ 
li  ions  as  free  carriers.  The  reason  that  such  a 
small  c<  can  still  produce  an  appreciable  conduc 
tivity  is,  of  course,  the  low  value  of  Em. 

If,  in  Eq.  (11),  £2  were  substituted  in  place 
of  d2  (where  l  is  the  spacing  of  the  larger 
secondary  barriers),  the  value  of  c-j  would  come  out 
^  103  smaller,  which  would  be  unreasonable.  It  is 
appropriate  to  ask,  then,  why  Em  appears  in  the  un¬ 
irradiated  case  [Eq.  (10)]  while  Err.  appears  after 
irradiation.  The  answer  is15  that  in  the  higher 
temperature  range  of  measurements  on  unirradiated 
crystals,  the  mean  migration  distance  of  a  free 
carrier  during  one-quarter  cycle  of  the  applied 
field  is  »  t,  while  for  the  low  temperatures  used 
after  irradiation  this  distance  is  <  l. 

Concluding  Remarks 

We  have  shown  that  dielectric  relaxation  pro¬ 
vides  an  excellent  tool  for  monitoring  of  Al-Na 
pairs  in  a-quartz.  In  the  case  of  Li,  it  would  be 
very  desirable  to  have  this  same  capability 
(especially  because  Li  is  so  difficult  to  determine 
chemically);  it  appears,  however,  that  further  work 
will  be  required  before  this  goal  is  achieved. 

In  the  study  of  conductivity,  the  results  on 
synthetic  crystals  have  been  interpreted  quite 
reasonably.  Results  on  radiation-induced  conduc¬ 
tivity  give  a  value  Em  for  alkali  migration  down  a 


a  c-axis  channel  of  0.14  eV.  This  is  quite  a  low 
value,  but  remembering  that  the  hopping  of  Na  be¬ 
tween  two  nn  sites  of  the  bound  Al-Na  pair  is  only 
0.06  eV  (see  Table  I),  it  seems  quite  reasonable. 
The  behavior  of  the  unirradiated  synthetic 
material,  however,  is  dominated  by  secondary 
barriers  giving  rise  to  an  increase  in  E0  and  an 
anomalously  high  pre-exponential  factor  A. 

The  very  different  behavior  of  the  natural 
crystals  is  puzzling.  In  the  past,  the  lower  E0 
of  the  unirrdiated  natural  crystals  had  often  been 
interpreted  as  due  to  migration  of  Li+  in  these 
crystals,  while  it  is  Na*  that  dominates  in  the 
synthetics. 16 >20-22  This  interpretation  cannot  be 
correct,  however;  the  difference  in  activation 
energy  is  so  large  that  even  if  the  faster  migrat¬ 
ing  species  (e.g.,  Li)  were  present  only  as  a  very 
small  fraction  of  the  total  alkali,  it  would  still 
dominate  the  behavior.  In  fact,  chemical  analysis 
consistently  shows  that  both  Li  and  Na  are  present 
to  some  extent  in  natural  as  well  as  synthetic 
crystals. 

An  intriguing  interpretation  is  that  the  value 
Ea  =  0.82  eV  of  the  unirradiated  natural  crystals 
represents  simply  Em  +  *$E a  [Eq.  (8)],  i.e.,  without 
the  intervention  of  secondary  barriers.  Since 
Em  =  0.14  eV,  this  means  that  Ea  =  1.36  eV.  There 
then  remains,  however,  the  problem  of  interpreting 
why  post-irradiated  natural  crystals  do  not  give 
the  correct  value  for  Em.  This  may  be  related  to 
a  more  rapid  decay  of  liberated  alkali  ions  in  the 
natural  crystals  than  in  the  synthetics.  Much  of 
the  difficulty  centers  on  the  lack  of  detailed 
knowledge  about  defects  in  natural  crystals.  To 
obtain  such  information  requires  careful  chemical 
analysis,  dielectric  relaxation  measurements,  and 
the  types  of  ESR  and  infrared  experiments  recently 
used  so  successfully  in  the  study  of  synthetic 
crystals.17’18  It  is  hoped  that  such  information 
will  be  forthcoming. 

This  work  was  supported  by  the  National 
Science  Foundation  under  grant  DMR  77-07141. 
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region  on  an  enlarged  scale.)  The  peaks 
at  32  and  76°K  are  the  Al-Na  peaks, 
while  the  smaller  peaks  above  90°K  are 
unidentified. 


Fig.  3  :  Variation  of  conductivity  at  room 

temperature  with  time,  for  a  Premium  Q 
crystal,  following  a  4  hr  X-ray  irradia¬ 
tion  (total  dose  *  3  x  10*>  R). 


Fig.  2  :  Conductivity  plots  (log^T  vs.  1/T)  for 
a  natural  crystal  and  three  synthetic 
crystals. 
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Fig.  4  :  Variation  of  conductivity  with  1/T  follow¬ 
ing  X-irradlation  for  Premium  Q  quartz 
(both  unswept  and  swept)  In  the  range 
where  the  decay  process  is  very  slow. 
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Summary 

A  very-small  angle  X-ray  scattering  technique 
with  capability  to  explore  an  angular  range  down 
to  0.1  sec.  of  arc,  consequently  extending  the 
measurement  limit  of  radius  of  gyration  up  to 
several  tens  microns  is  briefly  described. 

Using  this  technique  we  studied  the  growth 
process  of  milky  precipitates  in  a  Y-bar  synthetic 
quartz  crystal  annealing  at  a  temperature  range 
520°C'U800°C  for  20  hours,  and  annealing  at  660°C 
at  various  times  between  2  and  26  hours.  X-ray 
topographic  studies  were  also  performed  for 
comparison.  Annealing  performed  below  and  above 
the  alpha-beta  phase  transition  revealed  a  remark¬ 
able  discontinuity  in  precipitates  size.  Activa¬ 
tion  energy  for  growth  process  of  milky  precip¬ 
itates  was  estimated  at  Q=0.73eV. 

Key  words:  Very-Small  Angle  X-Ray  Scattering 
VSAXS,  Radius  of  Gyration  Rg,  X-Ray  Topography, 
Annealing,  Milky  Quartz,  Precipitates. 

Introduction 

In  the  usual  small  angle  X-ray  scattering 
SAXS  studies,  scattered  intensities  are  measured 
in  an  angular  range  from  a  few  degrees  down  to 
several  minutes  of  arc  separation  from  the 
incident  direction,  and  consequently  the  measurable 
size  of  lattice  defects  is  less  than  a  few  hundred 
angstroms.  The  use  of  the  Bonse-Hart  diffrac¬ 
tometer!  has  enabled  SAXS  measurements  at  much 
lower  angles.  Renninger  and  Uhlmann2  thus  measured 
X-ray  scattering  of  amorphous  Si(>2  in  an  angular 
range  as  low  as  20  sec.  of  arc. 

Recently,  interest  in  very  small  angle  X-ray 
scattering  VSAXS  has  been  increasing  because  of 
usefulness  in  the  understanding  of  micron  order 
defects  in  materials,  such  as  electronic  density 
fluctuations  and  precipitates,  which  are  usually 
related  to  very  important  physical  properties. 

Using  the  principle  of  a  channel-cut  monochro- 
analyser  system  (Bonse-Hart  diffractometer),  we 


have  developed  a  technique  to  observe  extremely 
small  angle  scattering  down  to  0.1  sec.  of  arc®>^ 
which  means  that  the  detection  limit  of  defect 
size,  or  more  precisely  the  radius  of  gyration  Rg 
is  extended  up  to  few  tens  microns. 

Applying  this  technique  to  study  amorphous 
Si0Z5  ,  we  have  observed  that  before  irradiation 
the  material  is  very  homogeneous  with  no  scattering 
in  VSAXS;  neutron  irradiation  gives  rise  to 
electronic  inhomogeneities  of  5  microns  (radius  of 
gyration).  On  the  other  hand,  as-grown  amorphous 
PdggSioQ  ribbons  have  presented  electronic  inhomo- 
geneitles  of  few  microns  (radius  of  gyration) ,  but 
by  mechanical  treatment  (rolling)  they  become  very 
homogeneous  with  no  central  scattering  peak§  We 
have  also  observed  VSAXS  in  (BaPbj_xBix03) 
superconductors;  with  structure  inhomogeneities 
changes  in  the  interval  of  3.0V>.4  microns  (radius 
of  gyration)  with  varying  compositions  (0.05<x<0.30) . 

In  this  paper  we  report  the  results  of 
application  of  VSAXS  on  milky  precipitates  in  Y- 
bar  synthetic  quartz.  It  is  well  known® >9,10,11 
that  when  quartz  crystals  with  a  high  concen¬ 
tration  of  hydrogen  bonded  OH  are  annealed  at 
T>500'C,  milky  precipitates  are  produced.  Infra¬ 
red  absorption  data  and  X-ray  topography  of  milky 
precipitates  have  been  previously  reported}! 

We  have  observed  that  both  the  effects  of  annealing 
temperature  and  time  for  the  growth  process  of 
precipitates,  as  well  as  their  average  size  are 
distinct  for  different  growth  regions  (e.g.  Z- 
sector  and  -X-sector).  An  abrupt  change  in  size 
of  precipitates  was  observed  below  and  above  the 
alpha-beta  phase  transition  temperature. 

This  technique  can  be  extended  to  study 
effects  of  irradiation  in  amorphous  and  crystal¬ 
line  quartz. 

Experimental  Procedure 

The  multiple  crystal  arrangement  of  the 
monochro-analyser  system  is  presented  in  figure  1, 
in  which  Mo  Ka  Si  (111)  diffractions  are  used  with 
the  three  crystals  arranged  in  parallel  setting}®*!^ 
In  order  to  diminish  or  to  enlarge  the  spatial 
cross-section  of  the  exploring  beam  band,  an 
asymmetric-cut  crystal  is  used  (fore  crystal);  so 
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that  dapending  on  the  size  of  the  specimen  or  of 
the  region  Inside  the  specimen  to  be  examined,  a 
convenient  choice  of  the  beam  band  can  be  made. 

The  beam  successively  diffracted  in  the  groove 
undergoes  a  sharp  cut  In  its  diffraction  tails. 
Three-fold  reflections  were  used  in  the  present 
experiment.  The  first  grooved  crystal  is  used  as 
a  collimator  and  the  second  crystal  as  an  ana¬ 
lyser,  thus,  with  the  specimen  between  them,  if 
scattering  takes  place,  this  intensity  can  be 
measured  and  its  angular  distribution  determined 
by  rotating  the  analyser  crystal  (2nd  grooved) . 

The  curve  of  X-ray  intensity  versus  scattered 
angle  obtained  without  the  specimen  is  the  instru¬ 
mental  curve  or  parasitic  scattering.  In  figure 
l.b,  the  calculated  instrumental  curved  for  this 
arragement  is  shown  (the  experimentally  measured 
instrumental  curve  agrees  quite  well  with  the 
calculated  curve)  by  the  solid  line;  an  experi¬ 
mentally  measured  curve  with  the  specimen  present, 
is  schematically  represented  by  broken  lines. 

In  previous  experiments^ >2  Ge  grooved  crystals 
and  CuKa  radiation  were  used,  but  presently,  with 
MoKot  and  Si(lll)  reflections  the  instrumental 
curve  is  much  sharper,  with  half-maximum  width 
of  3.3  sec.  of  arc. 

Details  of  Experimental  Apparatus 

To  take  measurements  of  VSAXS,  a  very  precise 
goniometer  with  microcomputer  control  was  used  for 
the  analyser  crystal.  The  experiment  was  carried 
out  in  two  different  settings! 

(A)  Conventional  X-ray  tube  with  apparent 
focus  l.Oxl.O  mm2,  operated  at  40kV, 

26mA.  In  this  case  the  peak  intensity 
of  the  instrumental  curve  is  8.000 
counts  per  sec.,  detected  by  a 
scintillation  counter  with  pulse  height 
analyser.  The  peak  to  back-ground  ratio 
in  this  case  is  10“5  for  e  (scattering 
angle)  at  11.5  sec.  of  arc.  The 
minimum  angular  step  of  the  goniometer 
used  in  this  setting  was  Ac  ■  0.1  sec. 
of  arc.  So,  VSAXS  curves  were  measured 
point  by  point  with  angular  step  0.1  sec 
of  arc  in  the  range  -6<e<+6  sec.  of  arc; 
and  with  angular  step  0.6  for  6££<50  sec. 
of  arc.  In  order  to  improve  the 
statistics,  the  counting  time  was  IQ3 
seconds  for  each  point  in  the  interval 
6<\50;  so  about  24  hours  were  required 

to  measure  one  curve. 

(B)  Super  rotatlng-anode  generator  with 
apparent  focus  0. 1x0.1  mm2  operated  at 
50kV,  40mA  and  with  a  spatial  cross- 
section  of  the  exploring  beam  band  of 
0.1  mm.  In  this  case  the  X-ray 
intensity  was  about  10  times  more 
intense  as  compared  with  (A),  so  in 
order  to  take  measurement  over  the 
same  interval  -6^50  sec.  of  arc,  about 
3  hours  where  enough  to  complete  one 
curve.  The  goniometer  used  in  this 
setting  was  developed  by  Takahashi 

et  al.i6.  its  precision  is  exceptionally 


high,  and  the  minimum  angular  step  can 
be  0.005  sec.  of  arc.  If  normal  focus 
(l.Oxl.O  mm2  apparent)  with  full  power 
(60kV,  1A)  and  larger  spatial  cross- 
section  of  the  beam 'band  are  used,  the 
peak  intensity  of  such  arrangement  can 
be  improved  by  a  factor  of  two  orders 
of  magnitude. 

Accurate  temperature  control  of  the  multiple 
crystal  arrangement  is  very  important  to  get  good 
reproducibility  of  data.  In  the  present  experiment, 
temperature  was  carefully  controlled  with  a 
precision  of  ±0.1®C  for  both  settings  (A)  and  (B). 

The  silicon  crystal  used  to  construct  the 
monochro-analyser  system  were  dislocation  free 
F.Z.  crystals  from  Komatsu  Electronic  Metals  Co. 

Method  of  Analysis 

The  observed  or  measured  profile  of  scattered 
intensity  with  the  specimen  present  I'(e),  is  the 
result  of  the  convolution  .of  the  true  distribution 
of  intensity  i(e)  with  the  instrumental  profile 
(obtained  without  the  specimen)  1(c): 

I’(e)  -  i(e)  *  1(e)  ,  (1) 

where  e  is  the  scattered  angle. 

If  both,  i(e)  and  1(e)  are  Gaussian  distri¬ 
butions  in  the  range  of  very-small  angle  X-ray 
scattering,  their  convolution  will  also  be  Gaussian. 
In  all  our  measurements  in  the  VSAXS  region  we 
have  verified  that  the  instrumental  profile  1(e) 
as  well  as  the  observed  profile  I' (e) ,  are  Gausslans 
in  the  angular  range  ±3  sec.  of  arc,  which  is  the 
same  as  to  say  that  the  logarithmic  plots  of  X-ray 
intensities  against  squares  of  the  scattering 
angles  (Gulnier's  plot)  are  rectilinear  in  an 
angular  range  up  to  3  sec.  of  arc. 

As  an  illustration  of  the  above  statements, 
figure  2  shows  the  Gulnier's  plot  for: 

(a)  no  specimen  present  (Instrumental  or 
parasitic  scattering), 

(b)  unirradiated  amorphous  SiO^, 

(c)  neutron  irradiated  amorphous  Si02 

which  are  strictly  rectilinear  in  the  range 
considered.  So,  the  half-maximum  width  of  the 
curves  (b)  and  (c)  can  readily  be  deconvoluted 
from  the  instrumental  distribution  (a). 

Therefore  in  the  exponential  or  Gulnier's 
approximation!2 : 

i(e)  -  iQ  exp[-4ir2Rg2e2/3A2] ,  (2) 

where  e  is  the  scattering  angle,  Rg  the  radius  of 
gyration,  and  X  the  wavelength  of  the  radiation 
employed,  the  substitut  ion  of  the  deconvoluted 
half-maximum  width  in  equation  (2)  gives  an 
expression  for  the  radius  of  gyration: 
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„  A/T  0.8325 
g  ^l/2 


Specimen  Preparation  and  Infra-red 
Absorption  In  the  As- grown  State 

Y-bar  synthetic  quartz  was  grown  at  a  fast 
rata,  1.0  mm/day  in  the  Z-direction  (sodium  car¬ 
bonate  solution)  by  conventional  hydrothermal 
method.  Y-cut  specimens  were  isochronally  annealed 
in  the  temperature  range  520°C^800*C  for  20  hours, 
except  for  the  specimen  annealed  at  520*C,  for 
which  about  60  hours  was  necessary  to  produce  some 
traces  of  precipitates.  Annealing  times  in  the 
interval  20.26  hours  at  660  *C  were  also  carried  out 
on  another  set  of  Y-cut  specimens. 

In  order  to  estimate  the  concentration  of 
hydrogen  bonded  OH,  infra-red  absorption  meas¬ 
urements^  were  performed  on  samples  in  the  as- 
grown  state.  The  dotted  lines  1-6  and  7-12  in 
figure  3. a  show  the  lines  along  Which  the  concen¬ 
trations  in  the  Z-sector  and  iX-sectora  were 
measured.  The  corresponding  positional  change  of 
the  extinction  coefficient  are  shown  in  figures 
3.b  and  3.c  respectively.  As  sketched  in  figure 
3. a,  the  growth  rate  was  intentionally  Increased 
half-way  through  the  growing  process  from  0.8 
mm/day  to  1.0  mm/day  in  Z-direction.  Accordingly 
cross-hatched  areas  A  or  A'  (Z-sector)  and  B  (-X- 
sector)  in  figure  3. a  were  selected  for  the  VSAXS 
measurements.  Direct  observations  of  defects  in 
the  A  region  by  X-ray  topography  were  carried  out, 
but  in  the  B  region  (-X-sector),  due  to  the  high 
concentration  of  precipitates,  topographic  Images 
could  not  be  resolved. 

Results  and  Discussions 

VSAXS  and  X-ray  Topography  of  Milky  Precipitates 

Figure  4  shows  typical  plots  of  the  logarithms 
of  measured  intensities  versus  scattering  angles 
for  Z-sector  specimens  annealed  at  660°C  for  2  and 
8  hours.  In  the  angular  Interval  considered,  the 
sample  annealed  for  8  hours  presents  a  sharp 
Increase  in  scattered  intensity,  indicating  the 
nucleatlon  of  precipitates,  moBt  of  which  are  in 
the  submicron  range.  X-ray  scattered  intensities 
at  much  lower  angles  are  represented  by  Guinler's 
plot  (inserted  in  the  same  figure,  but  with  the 
logarithmic  scale  changed):  Plots  (1),  (2)  and 
(3)  correspond  to  samples  8h,  2h,  and  as-grown, 
respectively;  as  plots  (1)  and  (2)  have  the  same 
slope  as  that  of  plot  (3),  we  can  lmmeadlately 
conclude  that  there  is  no  detectable  amount  of 
micron  order  precipitates.  Examination  of  Z- 
sector  samples  annealed  at  the  same  temperature 
(660°C)  for  15,  20,  and  26  hours  reveals  an 
Interesting  feature:  there  is  no  appreciable 
changes  in  the  size  submicron  order  precipitates, 
as  shown  in  figure  5,  but  in  the  extremely  small 
angle  X-ray  scattering  region  represented  by 
Cuinier's  plot  in  this  same  figure  there  is  a 
considerable  change  in  their  slopes,  which  means 
an  increase  in  average  size  of  precipitates  of 
micron  order.  With  the  same  annealing  condition 


-X-sector  presents  a  quite  different  nucleation 
process  in  the  submicron  range  with  a  gradual 
increase  in  concentration  for  15,  20  and  26  hour 
heat- treatments.  Curves  are  shown  in  figure  6. 

The  radii  of  gyration  R~  of  Z-  and  -X-sectors  are 
estimated  using  the  method  of  analysis  described 
above.  The  values  of  Rg  of  samples  annealed  in 
beta-phase  (660°C)  as  a  function  of  annealing 
temperature  are  presented  in  figure  7.  From  this 
figure  we  can  directly  deduce  that  the  growth  rate 
of  precipitates  is  distinct  for  -X-  and  Z-sectora. 
Their  lb.  values  are  approximately  comparable  at  30 
hours  of  annealing. 

X-ray  topographs  cf  the  same  specimens  are 
shown  in  figure  8  in  the  sequence:  as-grown 
state  2,  8,  15,  20  and  26  hour  660°C  annealing. 
Molybdenum  radiation,  (00.3)  diffracting  planes, 
and  the  condition  pt-1.0,  where  p  is  the  linear 
absorption  coefficient  for  the  radiation  employed 
and  t  the  thickness  of  the  sample,  were  used.  In 
the  as-grown  state  the  presence  of  Pendellosung 
fringes*8  indicates  that  the  crystal  is  perfect. 

For  2  hours  annealing  the  Pendellosung  fringes 
persist,  which  means  that  the  milky  precipitates 
even  though  not  detectable  in  this  topograph,  are 
very  small  in  this  stage  (the  existence  of  veiy 
small  precipitates  is  known  from  previous  X-ray 
small  angle  scattering  measurements)  and  homo¬ 
geneously  distributed;  most  of  the  black  contrast 
belongs  to  the  dynamical  image  of  dislocations. 

As  each  heat-treatment  was  performed  on  a  different 
sample  cut  adjacent  to  each  other,  the  image  of 
each  topograph  belongs  to  a  different  region  of 
the  crystal.  After  annealing  for  8  hours,  the 
concentration  of  precipitates  is  high  enough  to 
extinguish  the  Pendellosung  fringes,  although 
these  precipitates  are  still  not  well  resolved  by 
X-ray  topography;  the  black  contrast  is  due  to 
other  defects  instead  of  milky  precipitates. 
Treatment  at  15  hours  gives  rise  to  bigger  pre¬ 
cipitates  and  their  progression  can  be  followed  in 
the  topographs  of  20  and  26  hour  annealed  samples. 
The  X-ray  topographic  image  is  caused  by  the 
strain  field  around  the  defects,  and  so,  their 
real  size  can  not  be  obtained,  but  this  technique 
can  provide  a  useful  qualitative  view  of  the 
process. 

X-ray  topography  with  (22.0)  diffraction 
shows  a  much  sharper  image:  figures  9. a  and 

9. b  are  for  520®C,  60  hour  and  660°C,  20  hour 
annealings  respectively.  From  these  images  we  cen 
construct  a  tridimensional  model  for  the  growth 
process  in  the  Z-sector,  which  develops  with 
precipitates  contained  in  leyers  perpendicular  to 
the  direction  of  crystal  growth  (approximately  the 
Z-direction).  Figures  9. a’  and  9.b'  are  spatial 
representations  of  the  topographs  9. a  and  9.b 
respectively.  The  average  distance  between  layers 
of  precipitates  are  o^tim  and  'VLlOpm  for  520°C  and 
660°C  respectively. 

For  20  hour  annealing  at  temperatures  in  the 
interval  550°0800°C,  the  calculated  radius  of 
gyration  of  precipitates  in  the  -X-  and  Z-eectors 
as  a  function  of  temperature  ere  shown  in  figure 

10.  The  corresponding  diameter  D  assuming 
spherical  precipitates  [from  X-ray  topography  of 
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figure  9  such  a  hypothesis  is  reasonable]  are 
presented  on  the  right  vertical  axis.  Observe 
the  remarkable  discontinuity  that  takes  place  in 
the  size  of  precipitates  just  on  the  neighborhood 
of  the  alpha-beta  phase  transition  temperature 
(573°C) . 

Alpha-Beta  Phase  Transition 

The  size  of  precipates  for  20  hour  heat- 
treatment  just  below  and  above  the  alpha-beta 
phase  transition  shows  an  abrupt  change,  being 
about  35  times  greater  on  the  beta-phase  side. 
Annealings  of  samples  performed  in  the  alpha-phase 
reveal  a  very  low  concentration  of  much  smaller 
precipitates.  This  is  better  seen  in  the  picture 
of  figure  9. a,  where  only  thin  layers  of  precip¬ 
itates  are  visible,  the  particles  being  unresolved. 
By  VSAXS  measurement  their  size  are  estimated  to 
be  on  the  order  of  0.1  micron. 

Little  is  known  about  the  mechanism  by  which 
the  rate  of  nucleation  and  growth  of  precipitates 
differs  on  the  alpha-phase  and  beta-phase  sides. 

Direct  observation  by  X-ray  topography1®  in 
the  neighborhood  of  the  alpha-beta  phase  transition 
temperature  in  synthetic  quartz  shows  that  in  most 
cases  the  alpha-phase  is  transformed  to  a 
Dauphine  twinned  region  [from  the  crystallographic 
point  of  view  the  crystal  is  rotated  180°  in 
relation  to  the  matrix  or  alpha-phase;  as  the 
structure  factor  for  the  Dauphine  twinned  region 
is  different,  the  X-ray  diffracted  intensity 
reveals  a  clear  contrast  in  the  topographic  image] 
prior  to  the  appearance  of  beta-phase.  Then  the 
beta-phase  transition  proceeds  preferentially  over 
the  twinned  region.  The  temperature  range  of  the 
transformation  process  is  variable  from  sample  to 
sample,  but  we  can  roughly  estimate  from  the  work 
of  reference1®  that  AT-IO’C.  The  rapid  diffusion 
of  small  precipitates  through  a  pressure  difference 
during  the  crystallographic  symmetry  and  structure 
transformation  process  is  apparently  the  main 
mechanism  to  explain  the  observed  discontinuity  in 
size. 

Activation  Energy  of  the  Precipitates  Growth 
Process 

The  activation  energy  of  the  growth  process 
of  milky  precipitates  annealed  in  beta-phase  is 
estimated  by  assuming  a  simple  model  for  spherical 
grain-growth?^  If  D  represents  the  mean  diameter 
of  precipitates,  end  supposing  that  the  size  of 
precipitates  D0  at  the  beginning  is  very  small, 
the  growth  law  can  be  expressed  as  a  function  of 
both  annealing  time  t,  and  annealing  temperature  T 
by  the  following  expression: 

D2  -  K  t  exp[-Q/k  T] ,  (4) 

where  K  is  a  constant  of  proportionality,  Q  the 
activation  energy,  k  Boltzmann's  constant  and  T 
the  temperature  in  degrees  Kelvin.  For  isochronal 
annealings,  expression  (4)  can  be  simplified  to: 


D2  -  C  exp[-Q/k  T] ,  (5) 

where  C  is  a  constant.  Therefore,  from  the. plot 
of  log  D  versus  1/T  (figure  11),  the  value  of 
activation  energy  is  estimated  to  be: 

A  =  0.73  eV. 

This  value  of  Q  is  valid  for  the  Z-sector,  in 
which  growth  of  the  nucleous  progresses  in  the 
form  of  "layers  of  precipitates".  For  the  -X- 
sector,  due  to  the  very  high  concentration  of 
nuclei,  and  consequently  because  of  the  excessive 
strain,  the  layers  of  precipitates  could  not  be 
verified  by  X-ray  topography.  Nevertheless  the 
data  on  the  -X-sactor  for  log  D  versus  1/T  plot  as 
presented  in  figure  11  can  roughly  be  taken  to 
present  the  same  value  of  activation  energy  as 
above  calculated. 

Conclusion 

Accurate  measurements  of  very-small  angle  X- 
ray  scattering  of  milky  quartz  have  provided  new 
information  concerning  the  nucleation  and  growth 
of  precipitates.  Further  studies  of  milky  precip¬ 
itates  in  the  neighborhood  of  the  alpha-beta  phase 
transition  temperature  using  a  high  temperature 
camera  and  very  Intense  X-ray  source,  can  provide 
an  "almost  live"  measurement  of  nucleation  and 
growth  processes  of  the  precipitates. 
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2  Guinier'8  plot  of  amorphous  SiOa  with: 

(a)  instrumental  curve,  (b)  before 
irradiation,  (c)  neutron  irradiated.  The 
change  in  the  slope  of  plot  (c)  is  to  be 
observed.  From  Ref.  [5]. 


Fig.  1  (a)  Schematic  drawing  of  multiple  crystal 

arrangement  of  very-small  angle  X-ray 
scattering.  MoKu  and  Silicon  (111)  dif¬ 
fracting  planes  arc  used,  (b)  Calculated 
instrumental  curve  (solid  line),  the 
broken  line  represents  the  curve  measured 
with  specimen. 
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Fig.  3  (a)  Y-cut  specimen  of  fast-growth 

synthetic  quart*.  In  the  ribboned  region 
the  growth  rate  was  0.8  nm/day  (in  Indirec¬ 
tion);  outside  the  ribboned  region,  1.0 
am/day.  Cross-hatched  area  A  or  A'  and 
B  were  selected  for  VSAXS  measurement. 

(b)  Positional  change  of  infra-red 
absorption  coefficient  along  line  1-6. 

(c)  Positional  change  of  infra-red 
absorption  coefficient  along  line  7-12. 

Ref.  [12], 
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Fig.  4 

Very- small  angle  X-ray  scattering  for  Z- 
sector,  660°C  annealed  sample.  The  sample 
annealed  at  8h  denotes  a  considerable 
increase  of  scattered  Intensity.  The 
region  of  extremely  small  angle  X-ray 
scattering  is  represented  by  Guinier's 
plots,  which  were  translated  on  the 
vertical  axis  to  facilitate  comparison. 
There  is  no  change  in  the  slope  of  the 
three  plots,  which  means  there  is  no 
detectable  amount  of  precipitates  of 
micron  order. 


Fig.  5  The  change  in  the  slopes  of  Guinier’s 

plot  indicates  the  growth  of  big  Precip¬ 
itates  of  the  order  of  several  microns. 
Scattering  due  to  precipitates  of  sub¬ 
micron  order  presents  no  appreciable 
change. 
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8  X-ray  section  topography  of  Z-sector 
synthetic  quartz.  Mo  Ka,  (00.3)  reflec¬ 
tion.  The  sequence  of  pictures  show  that 
in  as-grown  state  the  crystal  is  nearly 


perfect  due  to  the  presence  of 
Pendellosung  fringes;  and  gradual  change 
is  observed  with  increasing  time.  The 
topographs  for  15 ,  20  and  26  hours 
annealings  show  big  milky  precipitates. 
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Fig.  10  Radius  of  gyration  Rg  of  precipitates  as 
function  of  temperature. 


Fig.  11  Diameter  of  precipitates  of  samples 

annealed  for  20  hours  as  function  of  the 
inverse  of  annealing  temperature. 
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Summary 

The  Landau :Ginsburg: Devonshire  phenomenological 
theory  for  simple  proper  ferroelectrics  has  been  ex¬ 
tended  to  include  all  elasto: electric  coupling  terms 
up  to  sixth  order.  For  the  elastic  behavior  in  the 
single  domain  ferroelectric  phase  it  appears  that  the 
sixth  order  electrostriction  constants  'I’ijid.mn  Play 
a  most  important  role.  This  analysis  has  been  applied 
to  study  the  elastic  behavior  of  ferroelectric  crys¬ 
tals  in  the  tungsten  bronze  structure  family. 

A  feature  that  makes  the  phenomenology  potenti¬ 
ally  valuable  is  that  the  higher  order  dielectric 
stiffnesses  and  coupling  terms  do  not  change  markedly 
with  temperature  or  with  cationic  makeup.  Thus  in 
principle  it  is  possible  to  predict  semiquantitative- 
ly  the  trends  for  the  dielectric,  thermal, piezoelec¬ 
tric,  and  elastic  constants  for  a  wide  compositional 
range  of  ferroelectric  bronze  compounds,  from  a 
limited  set  of  prototypic  constants. 

Introduction 

For  many  acoustic  wave  devices  it  is  desirable 
that  the  propagation  time  T  for  the  elastic  wave  be 
independent  of  ambient  temperature  change.  The  tem¬ 
perature  coefficient  of  delay  for  a  bulk  wave  may  be 
simply  writtenl 

i/T  (3T)X  <*£-2%  2  _  <0T)X 
c 

where  T  is  the  propagation  (or  delay)  time  measured 
at  constant  stress  X,  (Xij,  the  coefficient  of  linear 
thermal  expansion  in  the  direction  of  propagation, 
cty  the  volume  coefficient  of  expansion,  and  c  a  com¬ 
bination  of  elastic  constant  depending  on  the  type, 
polarization,  and  propagation  direction  of  the  elas¬ 
tic  wave. 

In  many  "normal"  crystals  this  expression  is 
dominated  by  the  temperature  coefficient  of  c  which 
is  usually  negative  (crystals  soften  on  heating)  and 
of  order  10”^  to  10“4  K~l.  For  many  device  struc¬ 
tures  it  is  desirable  that  the  crystal  itself  be 
piezoelectric,  and  for  several  classes  of  broadband 
devices  high  piezoelectric  coupling  (ky)  and  low 
impedance  (high  permittivity  ejy)  are  desirable,  so 
that  it  is  natural  to  explore  simple  proper  ferro¬ 
electric  crystals  which  often  combine  suitable  mag¬ 
nitudes  in  these  parameters.  The  proper  as  distinct 
from  improper  or  extrinsic  ferroelectrics  are  char¬ 
acterized  by  the  fact  that  the  electric  spontaneous 


polarization  Ps  is  an  effective  order  parameter 
describing  the  phase  change  from  paraelectric  to 
ferroelectric  form.  Changes  of  properties  in  the 
ferroelectric  phase  can  be  traced  to  essential  con¬ 
sequences  of  the  onset  of  polarization  in  the  para¬ 
electric  phase,  and  their  temperature  dependence 
can  be  described  by  a  simpler  family  of  temperature 
independent  coupling  parameters  in  the  paraelectric 
prototype. 

In  the  thermodynamic  phenomenological  modeling 
the  non-zero  stiffnesses  and  coupling  parameters 
are  determined  by  the  prototypic  symmetry,  and  it 
does  appear  that  the  higher  order  stiffnesses  which 
control  the  magnitude  of  Ps  mutate  only  slowly  with 
cationic  composition  in  a  given  symmetry  group, 
while  the  coupling  parameters  change  hardly  at  all 
with  composition  or  temperature. 

It  is  the  purpose  of  this  paper  to  demonstrate 
(i)  that  if  higher  order  electrostriction  is  con¬ 
sidered,  the  onset  of  polarization  P8  has  a  direct 
effect  upon  the  stiffened  ferroelectric  compliances 
8Pij !  (ii)  that  for  the  tungsten  bronze  simple  pro¬ 
per  ferroelectric  (Sro.6iEao.39  )Nb206  the  elastic 
compliances  in  the  paraelectric  phase  have  the  pre¬ 
dicted  behavior  under  induced  polarization  Pi (3); 

(iii)  the  compliances  in  the  ferroelectric  single 
domain  and  their  temperature  dependence  can  be  pre¬ 
dicted  from  the  measured  paraelectric  constants; 

(iv)  provided  the  diffuse  nature  of  the  phase  tran¬ 
sition  in  this  SBN  bronze  is  taken  into  account  by 
a  suitable  distribution  of  Curie  points,  the  phen¬ 
omenology  is  able  to  derive  a  rather  complete  family 
of  low  temperature  dielectric,  elastic,  piezoelec¬ 
tric,  and  thermal  expansion  parameters  from  a 
limited  family  of  high  temperature  prototypic  cons¬ 
tants. 

Thermodynamic  Phenomenology 

In  general,  the  thermodynamic  function  of 
Interest  to  describe  the  isothermal,  lsobaric  pro¬ 
perties  of  a  polarizable  deformable  insulator  is 
the  elastic  Gibbs  function  Gj  defined  by 

GX  -  U  -  TS  -  Xx  (2) 

where  U  is  the  internal  energy,  S  the  entropy,  T 
the  temperature,  X  the  elastic  stress,  and  x  the 
strain. 

T  and  S  are  scalar,  but  X  and  small  x  will  be 
second  rank  tensors. 
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The  increment  of  6^  dG^  will  be  made  up  from 


between  P  and  X,  so  that  f(XP)  is  given  by  either 


dG^  -  -SdT  -  xdX  +  EdP  (3) 

where  E  is  the  electric  field,  P  the  electric  pola¬ 
rization,  and  E  and  P  are  polar  vectors.  Thus  from 
the  partial  derivatives  of  G^  we  may  derive  the 
strain  x  as 

3G. 

*3X“*TP  “  “  x  ^ 


f(X,P>  -  OA) 

or 

f(x,P)  -  <15> 

where  Qy  are  the  symmetry  permitted  electrostric- 
tion  constants. 


the  electric  compliance  at  constant  P  (stiffened) 

d\  P 

3X2  >TP 


(5) 


electric  field  E 


3G 

^3P~^TX  “  E 


(6) 


dielectric  stiffness  x 

32G. 

^1p~*tx  “  *  ^ 

and  the  piezoelectric  polarization  constant  b 
<^Gi  3E  T 

^3P3X?T  “  *1x*T  “  b 


For  centric  prototype  structures  of  the  type 
to  be  considered  all  bjj^  =  0,  end  the  phase  change 
at  Tc  is  first  order.  Since  6th  power  terms  in  P 
are  absolutely  necessary  it  seems  illogical  to  con¬ 
sider  only  the  4th  rank  coupling  terms,  and  we  pro¬ 
pose  to  add  terms  of  the  form 

-‘hjitaAW.,1  -  •’WVA’iW  <“> 

For  the  elastic  behavior  clearly  the  ♦  terms 
are  most  im,  — tant.  In  the  unmodified  LGD  theory  in 
the  spontanea  ..  >.y  polarized  phase  taking  second 
partial  derivatives  with  respect  to  the  X.,  obvious¬ 
ly  all  Q  terms  drop  out  so  that  ^ 

P  P 

Sklmn(polarized)  “  sklmn(unpolarized) 

whereas  if  the  $  constants  have  significant  magni¬ 
tude 


which  is  related  to  the  more  frequently  used  d 
constant  by 

d?  "  (S}T  ■  (H }  (ft >  “  b/XX  <9> 

It  is  conventional  in  landau :Ginsburg: Devon¬ 
shire  phenomenological  theory  to  take  out  the  elas¬ 
tic  Gibbs  energy  of  the  unpolarized  undeformed 
crystal  an<’  write 

AGi  gi  (polarized)  G1  (unpolarized)  ”  f(pXT) 

and  to  separate  the  function  f  into  three  components 

AGX  -  f(PI)  +  f(XT)  +  f(XP)  (11) 

Inserting  now  the  vector  nature  of  P  and  E,  and  the 
tensor  form  of  Xx,  f(P.T)  is  expressed  as  a  power 
series  expansion 

f(PT)-aljPiPj+aijkPiPjPk+....  (12) 

where  the  are  limited  by  the  prototype  symmetry 
and  only  the  oty  are  temperature  dependent.  If  the 
ferroelectric  transition  is  first  order,  it  is 
necessary  to  include  at  least  the  first  6th  power 
terms  in  P. 

Usually  only  "Hookian"  elastic  behavior  is  con¬ 
sidered  and  f(XT)  takes  the  simple  form 

f(X,T)  -  3ijklXljXkl  (13) 

It  has  been  considered  necessary  only  to  include 
the  lowest  power  symmetry  allowed  coupling  terms 


Sklmn(polarized)  ”  8klmn(unpolarized)+*ijklmnPiPJ 

since  the  polarization  components  P^Pj  in  the  simple 
ferroelectric  have  strong  temperature  dependence, 
the  electrostrictive  term  may  be  most  important  in 
dictating  the  elastic  compliances  in  the  ferroelec¬ 
tric  phase. 

Application  of  the  Phenomenology  to  Tungsten  Bronze 
Structure  Ferroelectrics 

Introduction 

The  tetragonal  bronze  structure  ferroelectrics 
form  a  very  large  family  with  over  100  known  indi¬ 
vidual  ferroelectric  compounds  and  innumerable^ 
possible  solid  solutions  between  these  end  members. 
Paraelectric  prototypic  point  symmetry  is  4/mmm  and 
though  seven  ferroelectric  species  are  theoretically 
possible,  only  two  different  ferroelectric  forms  are 
known i  an  orthorhombic  form  in  which  thejjpontaneous 
polarization  is  along  110,  lit),  110,  or  110,  which 
is  in  polar  mm2  symmetry,  and_a  tetragonal  form  in 
which  Ps  lies  along  001  or  OOl  and  which  has  polar 
tetragonal  4mm  symmetry. 

To  characterize  the  elastic  wave  behavior  com¬ 
pletely  in  the  orthorhombic  case  it  is  necessary  to 
know  9  elastic  constants,  5  piezoelectric  constants, 
3  dielectric  constants  and  their  temperature  deriva¬ 
tives,  and  3  thermal  expansions.  For  the  tetragonal 
form  there  are  8  elastic  constants,  3  piezoelectric 
and  2  dielectric  parameters  and  their  temperature 
derivatives  and  2  thermal  expansions.  Clearly,  if 
this  measurement  burden  were  to  be  repeated  for  each 
end  member  compound  of  interest  and  iterated  across 
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each  solid  solution  the  task  o£  choosing  an  optimum 
bronze  for  elastic  wave  applications  is  horrendous. 
The  objective  of  the  present  study  is  to  attempt  to 
provide  more  rational  guidelines  for  this  choice  by 
making  use  of  a  limited  family  of  paraelectric  para¬ 
meters  which  hopefully  will  not  change  rapidly  with 
composition. 


Symmetry  Constraints 


For  the  prototypic  4/irnmn  centric  group  the 
permitted  dielectric  stiffnesses  otjj ,  fourth  order 
stiffnesses  otijjcx,  electrostrictiveJQijkl  and  elas¬ 
tic  compliance  constants  sijki  are  Hated  in  Table  1. 
The  sixth  order  stiffnesses  cu jH»n  are  listed  in 
Table  II,  and  the  sixth  order  electrostrlction  con¬ 
stants  ♦ijkinn  in  Table  III. 

The  LGD  phenomenological  elastic  Gibbs  function3 
has  the  form 

AG  -  a1(P12+P22)  +  a3P32  +  a11(P14+P24)  +  arff 


+  a13(Pl2p32+P22p32)  +  “l2Pl2p22  +  a333P36 

+  alll(Pl6+P26>  -  I  S11(X12+X22)  -  Suhh 


-  S13(X1+X2)X3  -  ±  s33  X32  -  \  s 44(x42+x52) 

-  1  S66  X62  ^11<P12VP22x2>  -  ^12<P1  V22x1> 


-  Q13(P12x3+P22x3>  -Q3i<P32x1+P32x2> 

-  Q33  P32x3  "  VP2P3X4+P1P3X5> 

'  ^66  P1P2X6 


The  first  partial  derivatives  with  respect  to 
the  polarization  give  the  field  components 


3P3  *  E1  "  2ctlPl  +  4allPl  +  2a13PlP32 

+  2al2PlP22  +  talllPl5-  2Q11?1X1 
"2Q12P1X2  “  Q13P1X3  “  Q44P3X5  "  Q66P2X6 

3Pj  "  E2  "  2alP2  +  4o11P23  +  2a13P2P3 

+  2°12P2P1  +  ®aillP2  ”  2Q11P2X2  ^ 
_2Q12P2X1  ~  2Q13P2X3  "  Q44P3X4  '  Q66P1X6 


fpf  "  E3  "  2a3P3  +  4a33P33  +  2a13(Pl2+P22)P3 


+  60333^3  -  2Q31P3(X1+X2) 

"2Q33P3X3  “<WP2X4+P13V 


It  is  the  solutions  of  these  equations  with 
EjEO  which  determine  the  ferroelectric  states.  For 
the  tetragonal  case,  the  dielectric  data  in  the 
paraelectric  phase  indicate  that  03  is  a  linearly 
decreasing  function  of  T  passing  through  zero  near 
Tc,  that  is 


CX3  -  ct30(T-63)  (19) 

where  63  is  close  to  Tc  whereas  <*3  also  has  the 
same  form 

“l  "  °io^T-V  (20> 


but  63  is  very  much  below  Tc* 


For  temperatures  less  than  the  ferroelectric 
Curie  point  Tc  in  this  case,  the  spontaneous  polari¬ 
zation  along  the  tetrad  axis  is  given  by  the  solu¬ 
tion  of 


0  "  2o30(T-93>  +  4“33P32  +  6o333P3A  (21) 

and 

P1  “  P2'“  0  (22) 
The  isothermal  dielectric  stiffnesses  are 

Xu  *  2°!  +  2a13P32 

X22  -  2“l  +  2a13P32 

(23) 

X33  "  2a3  +12a33P3  +  30a333P3 

T  T  T 
x12  '*  Xi3  *  XM  -  0 

The  tetragonal  spontaneous  strains  sre  given  by 

X1  “  Q31P32  x4  “  x5  +  x6  “  0 

x2  -  Q31P32  (24) 

x3  -  q33p32 


and  the  piezoelectric  b  coefficients  by 


'll-0 

b21 

0 

■ 

CN| 

H 

N 

eg 

'13  “  0 

b23 

O 

1 

H 

b24 

*15  '  Q44P3 

b25 

H 

ON 

» 

O 

b26 

“31 

b32 


“33 


“34 

b35 


“36 


2Q31P3 

2^31P3 

2Q33P3 

0 

0 

0 


If  the  sixth  order  $  terms  are  added  to  equa¬ 
tion  (17),  then  the  second  derivatives  with  respect 
to  the  stress  give  the  stiffened  elastic  compll- 
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ances  s?.  which  take  the  form 


sL(p) 


sp2(p) 


S1]L(0)  +  ‘S,311P32 


be  calculated,  and  since  the  permittivity  at  each 
P  level  is  known  from  the  P  vs  E  Sawyer  and  Tower 
loops,  the  Q  constant  may  be  derived. 


SL(P)  ■  S12<0)  +  *312P32 

SI3(P)  ■  S23  *  SL(0>  +  *313P32  <26> 

4(P)  "  SS3<0)  +  $333P32 

sj4(p)  -  sp5(p)  -  sJ4(o)  +  $344p32 

S66<P>  “  S66(0>  +  $366P32 

where  the  suffix  (P)  indicates  the  S  value  at 
polarization  level  P  and  the  suffix  (0)  the  proto- 
typlc  value  when  P-0. 

Derivation  of  the  Thermodynamic  Constants  for 
Bao.39Sro.6iNb70fi  Bronze 

Themost  Important  initial  consideration  was  to 
determine  whether  the  $  constants  that  are  symmetry 
permitted  have  magnitudes  which  make  a  significant 
contribution  to  the  sf.j^  and  thus  are  of  import¬ 
ance  in  determining  tne  elastic  response  and  its 
temperature  behavior  in  the  polarized  ferroelectric 
phase . 

Fortunately  because  of  the  very  high  polariza¬ 
bility  along  the  4-fold  axis  for  temperatures  above 
Tc  where  PS“0  it  is  possible  to  determine  the  4>3ij 
constants  by  a  very  simple  direct  experimental 
test.  If  a  suitable  bar-shaped  sample  of  SBN  is 
subjected  to  a  DC  field  E3  at  a  temperature  above 
Tc,  a  high  non-zero  P3  may  be  induced  in  the  bar, 
which  induces  through  equations  (2)  non-zero  values 
of  the  piezoelectric  constants.  If  the  electrical 
impedance  of  the  bar  is  now  explored  with  a  low 
level  probing  field,  the  resonance  and  antireson¬ 
ance  frequencies  corresponding  to  the  different 
modes  of  elastic  vibration  of  the  bar  may  be  ex¬ 
cited  (Figure  1),  and  the  elastic  parameters  sfj, 
sfj  deduced  from  the  resonance  frequencies  and  the 
dimensions  and  density  of  the  bar. 


By  repeating  measurements  of  the  field  (polari¬ 
zation)  dependence  of  the  resonances  at  a  sequence 
of  temperatures  above  Tc  it  has  been  shown  that 
$333  and  $3ii  (Figure  4)  are  of  opposite  sign  and 
change  little  with  temperature.  Thus  the  Importance 
of  the  sixth  order  electrostriction  coupling  upon 
the  elastic  constant  in  the  bronze  ferroelectrics  - 
is  clearly  established. 

The  next  question  that  must  be  addressed  is 
whether  the  values  of  the  ♦ijfcijn,,  constants  mea¬ 
sured  under  induced  polarization  in  the  paraelec- 
tric  phase  can  be  used  as  would  be  suggested  by 
equations  (26)  to  describe  the  changes  in  elastic 
behavior  associated  with  the  onset  of  spontaneous 
polarization  in  the  ferroelectric  phase.  To  make 
this  next  step,  however,  a  special  feature  of 
ferroelectriclty  in  the  bronze  structure  materials 
must  first  be  recognized.  For  many  of  these  mate¬ 
rials  Including  the  SBN  bronze,  it  has  been  deter- 
mined4,5,6  that  the  phase  change  at  Tc  is  not 
abrupt,  but  is  diffuse.  Thus  over  a  limited  range 
of  temperatures  close  to  Tc  paraelectric  and  ferro¬ 
electric  phases  coexist.  The  thermodynamic  descrip¬ 
tion  which  has  been  given  above  is  appropriate  for 
a  completely  homogeneous  crystal  which  has  an  abrupt 
phase  change  at  Tc.  It  may  be  used,  however,  also 
in  good  approximation  to  describe  a  crystal  with 
diffuse  transition  if  the  transition  temperature  Tc 
is  presumed  to  be  distributed. 

The  choice  of  the  distribution  function  and 
the  stiffness  parameters  is  rigorously  limited  by 
the  need  to  fit  the  observed  dielectric  permitti¬ 
vity  and  spontaneous  electric  polarization  data. 

For  the  65:35  SBN  the  chosen  parameters  are 

a3(0)  "  2.52.10  6/  o 

T  -0  -  1  K 
c 

o 

PQ  -  1.7  pc/cm 

T  -  350  K 

c 


By  repeating  the  measurement  at  a  sequence  of 
different  E  field  levels,  different  values  of  P  may 
be  induced  and  the  relationships  expected  in  equa¬ 
tions  (26)  explored.  It  may  be  noted  that  in  these 
extremely  polarizable  crystals  the  dielectric  pro¬ 
perties  exhibit  significant  nonlinearity  at  quite 
low  E3  levels  so  that  it  is  necessary  to  measure 
the  P3  value  for  each  field  level  using  a  slow  sweep 
Sawyer  and  Tower  method-^. 

Typical  measurements  of  sf2  and  S33  as  a  function 
of  Induced  P3  taken  from  resonance  data  on  an  x-cut 
bar  at  141*0  are  shown  in  Figure  2,  and  of  S§3  and 
S^3  taken  from  the  resonance  of  a  z-cut  bar 
at  131*0  are  shown  in  Figure  3.  Clearly, 
both  sf2  and  S?3  are  linear  functions  of  p2  and  the 
magnitudes  of  9333  and  $333  can  be  deduced  at  the 
two  temperatures  from  measurement  of  the  slopes  of 
the  Sfi  lines.  It  may  be  noted  that  from  the  sepa¬ 
ration  of  S^  and  sf^  the  coupling  coefficient  can 


The  distribution  of  Curie  points  is  gaussian  with  a 
halfwidth  AT  -  8  K. 

For  these  parameters,  measured  and  calculated 
polarization  Ps  is  shown  in  Figure  5,  and  the  mea¬ 
sured  and  calculated  dielectric  permittivity  £3  in 
Figure  6. 

Using  precise  x-ray  diffraction  measurements, 
the  spontaneous  elastic  strain  can  be  determined, 
and  for  a  Q33  value  of  0,40  mfyc^  the  calculated 
strain  is  shown  in  Figure  7,  and  thus  the  ferro¬ 
electric  contribution  to  oc2  the  linear  thermal  ex¬ 
pansion  along  "c"  in  Figure  8. 

A  more  detailed  description  of  the  simple  LGD 
thermodynamic  phenomenology  for  these  diffuse  tran¬ 
sition  crystals  is  being  prepared  for  publication 
elsewhere.  To  accommodate  the  objectives  of  the 
present  study  the  essential  requirement  was  merely 
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to  derive  phenomenological  values  for  PS(T),  xi(T) 
and  X3(T)  over  the  ferroelectric  temperature  range. 
Taken  together  with  the  $ijklmn  values  derived  from 
the  higher  temperature  paraelectric  measurements 
these  could  then  be  used  to  develop  phenomenological 
SP  values  which  may  be  compared  with  the  measured 
values  obtained  by  extending  the  simple  resonance 
studies  down  into  the  ferroelectric  temperature 
region. 

Comparison  between  the  predicted  and  measured 
values  for  sjy  s?2  and  for  a  rotated  cut  (s^fjare 
shown  in  Figures  9,  10,  and  11, 

Discussion  and  Conclusions 

The  direct  measurements  by  induced  piezoelectric 
resonance  in  the  paraelectric  phase  of  SBN  do  show 
that  in  this  crystal  there  is  a  clear  coupling  be¬ 
tween  the  stiffened  elastid  compliance  and  the  elec¬ 
tric  polarization  level  in  the  crystal.  That  the 
coupling  is  of  the  form  which  can  be  described  by 
the  sixth  order  electrostriction  constants 
and  that  these  constants  derived  from  direct  mea¬ 
surement  over  a  range  of  temperatures  above  Tc  do 
not  change  significantly  with  temperature. 

Application  of  the  full  phenomenological  theory 
in  the  bronze  structure  ferroelectrics  is  compli¬ 
cated  by  the  fact  that  the  phase  change  into  the 
ferroelectric  form  in  SBN  and  in  many  other  members 
in  this  family  of  ferroelectrics  is  diffuse  not 
sharp,  a  facet  of  behavior  which  has  been  postu¬ 
lated  to  occur  due  to  local  fluctuations  in  the 
cation  site  populations  in  the  complex  bronze  struc¬ 
ture  leading  to  local  fluctuations  in  the  ordering 
temperature. 

To  first  approximation,  the  equilibrium  proper¬ 
ties  may  be  derived  by  applying  a  suitable  distri¬ 
bution  function  to  describe  the  Curie  temperature 
distribution  and  then  summing  the  contributions  from 
ferroelectric  and  paraelectric  volume  fractions.  The 
Ps  data  derived  in  this  manner  agrees  well  with  mea¬ 
sured  data.  Clearly,  however,  for  dynamical  proper¬ 
ties  such  as  the  permittivity  under  AC  field  and  the 
elastic  compliance  to  alternating  stress  there  may 
be  time  dependent  rearrangement  in  the  distribution 
of  microvolumes  and  heterophase  fluctuations  which 
cannot  be  accounted  for.  This  is  manifest  in  the 
dielectric  permittivity  by  a  strong  dispersion  in 
the  Curie  range  of  temperatures,  and  only  the  very 
high  frequency  permittivity  agrees  with  that  derived 
for  the  distribution  function  which  fits  the  polariza¬ 
tion  data. 

In  the  elastic  compliance  measurements,  which  are 
taken  from  dimensioral  resonances  at»low  radio  fre¬ 
quencies,  we  believe  that  the  compliance  maxima  at 
the  Curie  maximum  are  probably  associated  with  an 
additional  "softness"  due  to  the  mixed  phase  charac¬ 
ter  near  Tc.  Outside  the  Curie  range,  the  phenomeno¬ 
logy  does  predict  the  trends  of  the  observed  elastic 
behavior  and  again  it  is  clear  that  the  sixth  order 
constants  play  a  very  important_role.  If  we  assume 
that  the  compliance  maximum  at  Tc  is  extrinsic  and 
symmetric  in  temperature,  and  that  we  may  subtract 
the  additional  extrinsic  compliance  the  agreement 
near  Tc  is  considerably  improved. 


A  facet  of  the  behavior  of  the  SBN  bronze 
which  is  particularly  interesting  is  the  observa¬ 
tion  that  $333  in  this  crystal  is  positive,  so  that 
the  compliance  S33  increases  as  the  crystal  polari¬ 
zes.  In  the  ferroelectric  phase  then,  it  is  to  be 
expected  that  as  the  Ps  value  is  reduced  on  heating, 
the  large  positive  $333  will  lead  to  an  anomalous 
elastic  stiffening. 

Unfortunately,  present  attempts  to  verify 
directly  the  8^3  values  in  the  ferroelectric  phase 
havo.  been  frustrated  by  the  very  large  softening 
contribution  from  the  diffuse  broadening  of  the 
Curie  point.  We  need  to  increase  the  measuring 
frequency  to  suppress  the  dispersive  component  and 
work  is  progressing  in  this  direction. 

Taken  together  with  the  strong  dimensional 
coupling  through  Q33  which  leads  to  the  "anomalous" 
negative  thermal  expansion  aj[,(3)  (Figure  8),  the 
positive  $333  value  does  suggest  that  the  bronze 
structure  family  will  be  of  considerable  interest 
as  temperature  compensated  acoustic  wave  materials. 
Measurements  which  tend  to  confirm  these  character¬ 
istics  for  the  SBN  will  be  reported  elsewhere. 

There  is  as  yet  too  little  experimental  infor¬ 
mation  from  other  bronze  family  crystals  to  confirm 
the  general  utility  of  the  phenomenological  approach. 
The  fact  that  seven  ferroelectric  species  are  theo¬ 
retically  possible  while  only  two  are  actually  ob¬ 
served  in  the  hundreds  of  bronze  ferroelectrics  so 
far  studied  suggests  that  the  higher  order  dielec¬ 
tric  stiffnesses  (ayjj^  *iave  a  very  l*nlited 

range  of  values.  That  iheQ  constants  change  little 
with  cationic  makeup  is  confirmed  by  available  data 
on  Q13  from  spontaneous  polarization  and  spontaneous 
Strain  measurements  in  the  orthorhombic  bronzes. 

If  the  Q  constants  do  not  change  significantly, 
it  is  then  logical  to  expect  that  the  higher  order 
$  constants  will  also  be  insensitive  to  cationic 
makeup  but  there  is  urgent  need  for  more  experimen¬ 
tal  data  to  confirm  thJs  hypothesis. 

In  conclusion 

(i)  The  LGD  phenomenology  for  simple  proper 
ferroelectrics  has  been  extended  to  include  sixth 
order  coupling  parameters. 

(ii)  For  the  SBN  ferroelectric  bronze,  the 
electric  polarization  does  have  a  strong  influence 
upon  the  elastic  compliances  sfj ,  sy  in  a  manner 
consistent  with  that  predicted  from  the  sixth  order 
electrostriction. 

(iii)  Sixth  order  $yklmn  constants  can  be 
used  to  predict  the  elastic  behavior  for  tempera¬ 
tures  outside  the  Curie  range  in  these  diffuse  phase 
transition  crystals,  but  additional  "anomalous" 
softening  occurs  in  the  mixed  phase  Curie  region. 

(iv)  The  observed  behavior  is  consistent  with 
higher  order  constants  being  only  weakly  composi¬ 
tion  and  temperature  dependent,  but  additional  mea¬ 
surements  of  the  $  constants  in  other  ferroelectric 
bronzes  are  urgently  needed. 

(v)  The  phenomenological  method  does  permit  the 
correlation  of  low  temperature  data  in  the  ferro- 
electifc  phase  with  a  limited  family  of  temperature 
independent  higher  order  constants  of  the  simpler 
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paraelectric  symmetry  and  with  accumulating  experi¬ 
ence,  the  possibility  of  predicting  dielectric, 
thermal,  piezoelectric  and  elastic  response  and  its 
temperature  dependence  for  all  simple  proper  bronze 
ferroelectrlcs. 
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Figure  Captions 

1.  Typical  resonance  spectrum  for  an  SBN  bar  under 
DC  bias  above  the  Curie  temperature  T£. 

E  P 

2.  Elastic  compliances  in,  s^  as  a  function  of 
induced  electrical  polarization  in  SBN  at  a 
temperature  of  141*C. 

E  P 

3.  Elastic  compliances  1,3  S33  as  a  function  of 
induced  electrical  polarization  in  SBN  measured 
at  131*C. 

4.  Measured  values  of  #333,  *311,  and  *  for  a 
rotated  cut  taken  from  the  slopes  of  s|.  vs  P2 
curves  taken  over  a  range  of  temperatures  above 
Tc. 

5.  Comparison  of  the  measured  Pa  in  SBN  and  the 
derived  phenomenological  Ps  values  using  the 
distributed  LGD  model. 

Experimental  points  derived  from  pyroelectric 
discharge  and  slow  speed  Sawyer  and  Tower  mea¬ 
surements. 

Dotted  curve  is  distributed  LGD  using  distri- 
tion  parameters  listed  in  the  text. 

6.  Measured  high  frequency  (1  MHz)  weak  field 
permittivity  £3  for  SBN  compared  to  the  calcu¬ 
lated  £3  (dotted  line)  using  the  distributed 
LGD  model. 

7.  Comparison  of  measured  and  calculated  spontane¬ 
ous  strain  X3  experimental  data  from  x-ray 
lattice  parameter  measurement.  Phenomenological 
fitting  (Q33  «  0.04  mVc2)  dotted  curve. 

8.  Measured  and  derived  thermal  expansion  <23. 


9.  sf2  measured  from  piezoelectric  resonance  data, 
compared  to  s£2  derived  using  $  value  determined 
in  the  paraelectric  phase. 

—  Experimental  data 

«— *-+  Corrected  for  compliance  maximum  at  Tc 
***  Phenomenological  derivation 

P  P 

10.  833  measured  from  resonance  data  compared  to  sj^ 

calculated  using  paraelectric  ♦  values. 

—  Experimental  data 

•*-*  Corrected  for  compliance  maximum  at  fc 
****  Phenomenological  values 

-  P 

11.  a'^  measured  on  a  rotated  cut,  compared  to  s'-^ 

values  calculated  from  high  temperature  4> 
values. 

—  Experimental  data 
■+-*  Corrected  values 
*****  Phenomenological  theory 
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Table  I 

Symmetry  permitted  second  and  fourth  rank  polar 
tensor  for  point  symmetry  4/mmm 
cijj  dielectric  stiffnesses  at  constant  stress 
aijkl  fourth  order  stiffnesses  at  constant 
stress 

Qilkl  quadratic  electrostriction  in  polarisation 
notation 

elastic  compliances  at  constant  P 
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Table  11 

Symmetry  permitted  sixth  rank  dielectric  stiff¬ 
ness  components  f°r  point  symmetry  4/mmn 


TEW 

STWOTV  RELATED  TERM 

MMEft  of 
EQUIVALENT 
TERHS 

’•  “ill 

222 

2 

*•  *112 

166.  121,  (16,  661.  211,  221,  266, 

212,  626,  662,  122 

30 

*•  *11) 

155,  131,  515,  551,  331,  223,  2M, 
232,  424,  442,  322 

30 

*•  *123 

144,  132  ,  525  ,  645  ,  546  .  636  ,  663 
564,  654,  552,  321,  441,  231,  455 
366,  255,  456,  213,  414,  312 

90 

«•  *133 

535,  553,  331,  355,  313,  233,  434, 
443,  332,  344,  323 

30 

*•  *333 

i 

Table  III 

Sixth  order  electrostriction  constants  ♦ijklmn 
for  point  symmetry  4/snm 
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Table  IV 

Values  of  the  electrostriction  constant  Qjj  for 
several  ferroelectric  bronze  crystals  calculated 
from  spontaneous  polarization  and  spontaneous 
strain  values  in  the  orthorhombic  ferroelectric 
species 
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Abstract 

A  measurement  technique  for  the  asymmetry  of 
tuning  fork  quartz  resonators  is  presented. 
The  method  Is  capable  of  quantitatively 
measuring  the  imbalance  of  tuning  forks 
made  by  photolithographic  methods  while 
the  resonators  are  on  the  wafer.  For  watch 
size  tuning  forks  vibrating  at  32768  Hz  a 
sensitivity  of  10  jiv  per  Hz  of  imbalance 
may  be  achieved  and  the  detection  limit  is 
approximately  1  Hz. 


1.  Introduction 

The  tuning  fork  has  in  recent  years  become  the 
dominant  design  for  low  frequency  quartz  re¬ 
sonators.  Especially  for  wrist  watch  applica¬ 
tions,  tuning  fork  resonators  vibrating  at 
32768  Hz  have  almost  completely  eliminated  pre¬ 
vious  designs  (such  as  the  flexure  bar  type 
resonators) .  This  is  mainly  due  to  the  easier 
mounting  of  the  tuning  fork  which  results  in 
improved  shock  and  aging  characteristics  and 
lower  manufacturing  costs. 

Many  of  the  mechanical  and  electrical  parame¬ 
ters  of  a  quartz  tuning  fork,  however,  depend 
to  some  extent  on  the  imbalance  or  asymmetry  of 
the  resonator.  This  phenomena  is  well  known  from 
tuning  forks  manufactured  by  mechanical  tech¬ 
niques  ,  The  improved  accuracy  of  the  photo¬ 

lithographic  manufacturing  technique  '  *  ren¬ 
dered  the  problem  less  important.  To  take  full 
advantage  of  its  potential  for  miniaturisation 
and  to  obtain  the  best  possible  parameters  with 
a  given  resonator  size,  balance  becomes  more 
important  as  the  devices  decrease  in  size. 


As  an  illustration,  Table  1  shows  the  mechanical 
parameters  of  a  tuning  fork  of  watch  size  dimen¬ 
sions  (total  length  3.6mm,  tine  length  2.4mm, 
tine  width  0.22mm,  thickness  0.125mm)  as  a  func¬ 
tion  of  the  imbalance.  The  latter  was  varied  by 
adding  a  small  droplet  of  epoxy  to  the  top  of  the 
tine. 


Test  condition 

Frequency 

Hz 

Imbalance 

Hz 

Q 

(1000) 

T 

(°8) 

Initial 

condition 

33*000 

-17 

50 

+.7.5 

Added  drop 
to  tine  A 

32*955 

+28 

33 

+25.5 

Added  2nd 
drop  to  tine 

A 

32 '905 

+78 

7 

-18.5 

Added  drop 
to  tine  B 

32*875 

+48 

14 

+15.9 

Added  2nd 
drop  to  tine 

B 

32*799 

-28 

34 

+25.6 

Table  1:  Quality  factor  Q  and  inversion  tempera¬ 
ture  T0  as  a  function  of  the  imbalance. 

The  table  shows  that  the  quality  factor  Q  as  well 
as  the  temperature  behavior  of  the  tuning  fork 
(shown  is  the  inversion  temperature  Tc  of  the 
f (T)  parabola)  are  strongly  influenced  by  the 
imbalance  of  the  tuning  fork.  The  imbalance  is  ex¬ 
pressed  in  Hz,  the  frequency  shift  caused  at  the 
tuning  fork  by  the  added  mass  of  the  epoxy  drop. 

The  degradation  of  the  quality  factor  and  the  fre¬ 
quency  temperature  behavior  depends  on  the  im¬ 
balance,  the  tuning  fork  design  and  to  a  large 
extent  on  the  mo  urn  ting  conditions.  Figure  1  shows 
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LENGTH  OF  NI-WIRE  (mm) 


Fig.  1  -  Quality  factor  (•)  and  frequency  (+)  of 
a  tuning  fork  mounted  with  2  Ni-alloy 
wires  as  a  function  of  the  wire  length. 

the  frequency  and  quality  factor  of  a  tuning 
fork  (5mm  long,  tine  length  3mm,  tine  width  0.4mn, 
thickness  0.1mm)  mounted  with  two  low-loss  nickel 
alloy  wires  as  shown  in  the  insert.  The  length  of 
the  wires  was  shortened  successively  without  modi¬ 
fying  the  bond  of  the  wire  at  the  tuning  fork. 

It  may  be  seen  that  the  quality  factor  as  well 
as  the  frequency  strongly  depend  on  the  length 
of  the  wires. 


2.  Symmetry  Condition  for  a  Tuning  Fork 


We  consider  a  tuning  fork  with  small  symmetry 
defects  and  ask  for  the  minimum  requirement  for 
zero  energy  loss  (due  to  the  imbalance) .  Using 
the  nomenclature  shown  in  figure  2  for  the 

homogeneous  tines  and 
neglecting  all  move¬ 
ments  except  the  dis¬ 
placement  parallel  to 
the  x-axis  we  may  assume 
the  displacement  X(y,t) 
of  the  tines  to  be 

X  (y,t)-A-x 

•  Ax^)*co$ut 

where  o  is  the  frequen¬ 
cy,  A  the  amplitude  of 
vibration  and  J  the  di¬ 
mensionless  coordinate 
which,  takes  the  values 

I- 

Fig.  2  -  Tuning  fork  with 
small  symmetry  derivations. 

L'  length,  w  width,  t  thick¬ 
ness  and $  density  of  the 
homogeneous  tines. 


X  ( ^ )  shall  be  a  function  which  is  the  same  for 
both  arms  of  the  tuning  fork  (as  long  as  the 
asymmetry  is  small) .  In  general  the  tunino  fork 
will  move  around  a  pivot  which  shall  have  the 
y-coordinate  of  -b. 


Neglecting  the  x-dimension  of  the  tuning  fork 
(but  taking  into  account  the  arm  width  w)  we 
now  ask  for  conservation  of  momentum  and  angular 
momentum  with  respect  to  the  pivot.  Assuming 
the  base  portion  of  the  tuning  fork  does  not 
contribute  we  obtain 

0*  L*,  t  (2) 

0  *  A,w,i,  l|  [  l,c,  4  ♦  bcj 

/•*  .  (3) 

where  C,  «  J  •nd 

Combination  of  eq.  2  and  3  yields 

L,  *  Lt  and  (4) 

A.  V,  ti 

it,  *  ■  *trir  ’  ~  "«■  (5) 

where  m,  and  stand  for  the  mass  of  the  two 
tines. 


Eq.  4  shows  that  conservation  of  momentum  and 
angular  momentum  requires  the  tine  lengths  to  be 
equal.  This  means  that  uneven  tine  length  inevit¬ 
ably  leads  to  momentum  (and  energy) transfer  to 
the  mount.  In  eq.  2  and  3  there  is  no  contribu¬ 
tion  from  the  base  part  of  the  tuning  fork,  which 
was  assumed  not  to  move.  This  means  that  the 
torque  acting  on  the  base  must  also  vanish.  Using 
eq,  1,4  and  the  fact  that  the  torque  is  propor¬ 
tional  to  the  second  derivative  of  the  displace¬ 
ment  and  to  the  moment  of  inertia  of  the  section 
of  the  tine,  one  obtains 

*1  tl'"  Az  "l3  t2  “  0 

Combination  of  eq.  5  and  6  leads  to 
1  l 

i  (7) 

$'  Si 


If  the  proper  frequency  of  the  tuning  fork's  tines 
are  calculated  using  the  model  of  the  clamped 
cantilever  ^  cue  finds 


E  being  the  elastic  modulus.  Since  L'  must  be 


equal,  eq.  7  obviously  means  that  the  proper  fre¬ 
quencies  of  the  tuning  fork's  tines  must  also  be 


equal.  (The  tuning  fork  always  vibrates  at  the 


mean  frequency  of  its  tines) .  In  conclusion  one 
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may  say  that  in  order  not  to  transmit  imbalance 
energy  to  the  mount  a  tuning  fork  must  satisfy 
the  following  conditions: 

1.  Equal  tine  length 

2.  Equal  proper  frequency  of  its  tines. 

3.  Measurement  of  the  Asymmetry 

The  measurement  technique  for  the  asymmetry  has 
been  developed  for  quartz  tuning  fork  resonators 
made  by  the  photolithographic  process.  In  this 
process,  which  has  been  introduced  by  STATEK 
Corp.  w  and  has  been  adopted  by  SEIKO  (5)  and 
ASUAG,  the  resonators  are  manufactured  by  batch 
processing  from  a  polished  and  metallized  wafer 
by  photolithographic  techniques  and  chemical 
milling.  During  the  manufacturing  process  the 
individual  resonators  remain  attached  to  a  frame¬ 
work  consisting  of  unetched  parts  of  the  quartz 
wafer  as  shown  in  fig.  3.  The  connection  between 


Fig.  3  -  Quartz  wafer  with  tuning  forks.  Upper 
half:  two-stem  arrangement,  lower  half: 
one-stem  arrangement. 


the  tuning  forks  and  the  frame  of  the  wafer  is 
realized  by  one  or  two  little  stems  which  are 
broken  once  all  the  on-wafer  operations  are 
finished  and  the  parts  are  ready  for  assembly. 
Since  the  base  region  of  an  unsymmetrical  tuning 


fork  moves  with  respect  to  the  symmetry  plane  of 
the  tuning  fork  the  little  stems  can  be  used  to 
measure  the  asymmetry  by  covering  them  with  the 
appropriate  electrodes  to  capture  the  piezolectric 
signal  due  to  deformation  of  the  stems.  For  the 
arrangement  using  one  stem  per  tuning  fork  a 
flexure  signal  must  be  detected.  For  the  arrange¬ 
ment  using  two  stems  per  tuning  fork  the  stems 
are  alternatively  compressed  and  expanded.  The 
electrode  system  used  to  capture  these  stresses  is 
shown  in  fig.  4.  The  resonator  is  driven  through 


A-A  BB 

Fig.  4  -  Electrode  design  and  tuning  fork  geome¬ 
try.  Tuning  fork  length=5.3mra,  tine 
length=3.1mm,  tine  width»0.4mm,  thick¬ 
ness^.  1mm,  stem  width»0. 15mm,  stem 
length=0.4mm,  stem  separation*^.  2  7mm. 


contacts  1  and  2  and  the  signal  due  to  the  asymme¬ 
try  is  picked  up  at  contacts  3  and  4.  For  one- 
stem  resonators  the  electrode  arrangement  is 
similar  and  acts  in  the  same  manner  as  the  main 
electrodes  on  the  tuning  forks  tines.  The  stems 
of  the  two-stem  arrangement  are  covered  with  the 
electrode  system  of  a  x-cut  length  extension  re¬ 
sonator  connected  antiparallel. 
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The  sensitivity  of  the  two  stem  arrangement  may 
be  calculated  if  we  assume  that  the  clamping  effect 
due  to  the  stems  is  negligible  which  means  that 
we  may  consider  the  resonator  as  moving  freely. 


Fig.  5 

Explanation  see  text 


We  start  with  a  perfectly  symmetrical  tuning  fork 
and  add  a  small  additional  mass  dm  to  one  of 
ius  tines.  Conservation  of  angular  momentum  re¬ 
quires  that  the  entire  tuning  fork  moves  around 
its  center  of  gravity  to  compensate  the  angular 
momentum  of  dm.  This  is  equivalent  to  stating 
that  the  heavier  tine  of  the  tuning  fork  moves 
with  a  smaller  amplitude.  If  A  is  the  amplitude 
of  the  symmetric  tuning  fork  and  8  its  moment 
of  inertia  with  respect  to  the  center  of  gravity, 
the  tuning  fork  moves  with  an  angular  amplitude 
iSl  given  by 

<m.«  A  —p  •  <9) 

where  a  is  the  distance  of  the  center  of  gravity 
from  the  base  and  L  the  length  of  the  tuning 
fork.  This  movement  causes  a  length  extension 
at  the  stems  of  amplitude  d  6  where 

do) 

d  being  the  distance  between  the  two  stems.  This 
will  cause  a  piezoelectric  charge  dQ  at  the 
transducers  electrodes 

<1  a  «  2  <*„•  E  ■  t  •  «|£  (11) 


consider  the  energy  of  the  vibrating  tuning  fork 
which  in  terms  of  the  equivalent  circuit  is 

(i3) 


where  and  C 


CO1  C, 

are  the  motional  inductance  and 
capacitance  of‘the  resonator  and  63  its  resonant 
frequency.  The  elastic  energy  of  the  tuning  fork 
may  be  calculated  assuming  the  tuning  fork  as 
composed  of  two  cantilevers  clamped  at  one  end. 
The  elastic  energy  is  given  by 


L 

•  i  e  j i.  (£«  f  ** 

o 

where  X  (y)  is  the  displacement  of  the  tine,  the 
y-coordinate  is  parallel  to  the  length  of  the 
tine  and  Ix  is  the  moment  of  inertia  of  the  cross 
section  of  the  tine.  The  integral  may  be  solved 
and  the  mechanical  energy  of  both  tines  is 

^  H«»l>  •  J  E  A  t  ~j7J  x  lo»  5?  q5) 

where  w,  is  the  width  and  L‘  the  length  of  the 
tines.  Combination  eq.  12,  13  and  14  we  obtain 


e{GL *  0.Z1 


uw-  0 


•Id* 


(16) 


Finally,  replacing  dm  by  the  induced  frequency 
shift  according  to 


{£i  »  ill  d7) 

i 

where  m  is  the  mass  of  one  tine  and  df  the  fre¬ 
quency  shift  of  the  tuning  fork  due  to  dm,  we 
obtain 


da*  0.441  ^ (~q)  L  *  E  ?  X-  df  (18) 

to  6  r  C,  1 


where  $  is  the  density  of  the  tuning  fork.  Some 
comment  is  necessary  to  avoid  misinterpretation 
of  the  above  formula.  Although  it  appears  that 
the  charge  dQ  is  proportional  to  the  separation  of 
the  two  stems  d,  it  should  be  noted  that  we  de¬ 
rived  this  equation  under  the  assumption  of  a  free 
moving  resonator.  The  larger  the  separation  d 
the  more  closely  the  system  approaches  a  clamped 
tuning  fork's  behavior. 


where  d^  is  the  piezoelectric  constant,  E  the 
elastic  modulus  and  t  the  thickness  of  the  re¬ 
sonator.  Combining  eq.  9  to  11  one  obtains 

t  d  A- dm.  (12) 

For  practical  purposes  the  driving  current  I 
is  substituted  into  the  equation  in  place  of 
the  amplitude  A  of  the  resonator.  To  do  so,  we 


With  the  dimensions  shown  in  fig.  4  one  obtains  a 
numerical  value  of 


da< 


-U  2 

8.  HS  *  lo  s 


I-df 


If  the  charge  is  measured  with  charge  sensitive 
preamplifiers  of  a  differential  input  capacity 
of  5  pF  one  obtains  a  sensitivity  of 

dV  a  , 

—  «  2.01  -/  .  — i  , 

Idf  mA*Hi 
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4.  Experimental  Arrangement 

To  measure  the  small  voltages  generated  by  the 
stems  phase-lock  measurement  techniques  must  be 
used.  The  block  diagram  of  the  setup  is  shown 
in  fig.  6.  The  resonator  is  driven  by  the  synthe- 


Fig.  6  -  Block  diagram  of  the  experimental 
arrangement. 


sizer  -  phasemeter  loop.  The  current  signal  of 
the  tuning  fork  serves  as  a  reference  for  the 
phase-lock  amplifier  which  measures  the  imbalance 
voltage.  The  charge  generated  by  the  transducer 
is  measured  with  charge  sensitive  preamplifiers. 
Due  to  the  capacitive  input  impedance  of  these 
amplifiers  there  is  a  90°  phase-shift  between 
the  reference  signal  and  the  transducer  signal 
which  suppresses  the  capacitive  pick-up  signal  due 
to  the  driving  voltage  of  the  resonator.  (With  a 
capacitive  input  impedance  at  the  charge  sensitive 
preamps  the  latter  is  in  phase  with  the  driving 
current) .  Even  with  the  suppression  due  to  the 
phase-lock  technique  it  is  important  to  control 
the  geometry  of  the  leads  connecting  the  tuning 
fork  and  the  transducer  stems  for  compensation 
of  the  capacitive  pick-up.  An  alternative  tech¬ 
nique  has  also  been  used  to  suppress  the  influence 
of  the  stray-capacitance  for  laboratory  type 
measurements:  variation  of  the  quality  factor  of 
the  tuning  fork  by  variation  of  the  pressure  in 
the  measuring  chamber  allows  one  to  maintain  the 
driving  voltage  and  the  voltage  across  the  load 
resistor  R^  at  a  constant  level,  as  well  as  to 
vary  the  resonator  current.  Since  the  asymmetry 
signal  is  proportional  to  the  resonator  current 
it  may  be  found  even  on  a  strong  background  of 
capacitive  signal. 

5.  Experimental  Results 

Watch  size  tuning  forks  have  been  made  using  both 
arrangements  discussed  in  part  3.  The  geometry 
used  is  shown  in  fig.  4.  The  imbalance  signal  ob¬ 
served  with  a  resonator  of  the  two-stem  configu¬ 
ration  is  shown  in  fig.  7  and  8  as  a  function  of 


the  resonator  current.  These  results  were  obtained 
using  the  technique  of  varying  the  quality  factor 
to  demonstrate  and  suppress  the  influence  of 
the  stray  capacitors  discussed  in  put  4.  Figure 
7  shows  the  tuning  fork  in  its  initial  condition. 


Fig.  7  -  Imbalance  voltage  vs.  resonator  current 
of  an  unmodified  tuning  fork  with  the 
two-stem  transducer. 

It  can  be  seen  that  the  experimental  points  are 
on  a  straight  line  an  predicted  by  eq.  18.  The 
slope  of  the  straight  line  gives  the  asymmetry 
and  the  zero  intercept  the  influence  of  the  capa¬ 
citive  pick-up.  The  imbalance  of  this  tuning 
fork  was  then  increased  by  adding  a  small  drop 
of  epoxy  to  the  right  tine.  This  caused  the  reso- 
sonant  frequency  to  decrease  by  308  Hz  and  in¬ 
crease  the  imbalance  signal  as  shown  in  fig.  8. 


RESONATOR  CURRENT  (p A) 

Fig.  8  -  Imbalance  voltage  vs.  resonator  current 
of  the  tuning  fork  of  fig.  7  after  add¬ 
ing  a  drop  of  epoxy  to  the  right  tine  . 
(•)  signal  at  90°,  (+)  signal  at  0°. 
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From  this  measurement  one  obtains  a  sensitivity  of 

dV  mX 

iTf ' 

Considering  the  numerous  approximations  used  in 
part  3  (especially  the  use  of  the  clamped  canti¬ 
lever  model  to  calculate  the  relationship  between 
the  amplitude  and  the  current) ,  the  agreement  be¬ 
tween  the  above  result  and  the  theoretical  result 
is  satisfactory. 

As  indicated  in  part  4,  the  signal  due  to  the  im¬ 
balance  shows  a  90°  phase  shift  with  respect  to 
the  current  signal  of  the  tuning  fork.  In  fig.  8 
both  components  of  the  signal  are  plotted  and  it 
may  be  seen  that  the  in  phase  component  remains 
constant,  which  clearly  demonstrates  that  it  is 
due  to  capacitive  pick-up  only.  This  pick-up  vol¬ 
tage  is  in  the  order  of  400jiV.  The  detection  limit 
of  the  present  imbalance  measuring  system  may  be 
given  by  the  imbalance  voltage  causing  a  signal 
that  is  equal  to  the  pick-up  signal  in  the  90° 
component.  If  we  assume  a  phase  adjustment  error 
of  the  lock-in  amplifier  of  2°  we  obtain  an  error 
voltage  due  to  pick-up  of  about  ISjiV  (which  cor¬ 
responds  to  the  zero  intercept  in  fig.  7)  giving 
a  detection  limit  (at  a  tuning  fork  driving  cur¬ 
rent  of  5jiA)  of  about  1  Hz. 

The  electrical  parameters  of  the  tuning  fork  have 
been  measured  before  and  after  the  addition  of 
the  imbalance  mass.  Of  special  interest  is  the 
quality  factor  which  was  in  both  cases  about 
130 '000.  This  justifies  the  assumption  made  in 
part  3  of  a  free  moving  tuning  fork  because  a 
clamped  fork  shows  a  strong  degradation  of  the 
quality  factor  if  it  is  as  asymmetric  as  the  one 
shown  in  fig.  8. 

The  same  measurements  have  been  performed  with 
tuning  forks  of  the  one  stem  transducer  configu¬ 
ration.  The  results  are  shown  in  the  figures 
9-11.  Figure  9  shows  the  resonator  in  its  initial 


RESONATOR  CURRENT  <n A) 

Fig.  9  -  Imbalance  voltage  vs.  resonator  current 
of  an  unmodified  tuning  fork  with  the 
one-stem  tranducer. 


condition.  It  may  be  seen  (from  the  negative  slope 
of  the  straight  line)  that  this  fork  has  a  nega¬ 
tive  imbalance  voltage  (with  respect  to  the  one 
discussed  in  fig.  7  and  8)  which  means  that  the 
heavier  tine  is  new  on  the  left.  Fig.  10  shows 


> 
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RESONATOR  CURRENT  (UA> 

Fig. 10  -  Imbalance  voltage  vs.  resonator  current 
of  the  tuning  fork  of  fig.  9  after 
adding  a  drop  of  epoxy  to  the  right  tine. 

the  same  resonator  after  a  drop  of  epoxy  has  been 
added  to  the  right  tine.  The  imbalance  has  changed 
sign  and  increased  greatly,  as  may  be  seen  from 
the  transducer  response.  The  asymmetry  was  then 
reduced  by  adding  a  drop  of  epoxy  to  the  left  tine 
and  the  result  is  3hown  in  fig.  11.  The  sensisti- 
vity  of  this  arrangement  is  considerably  lower 


RESONATOR  CURRENT  (m A) 


Fig. 11  -  imbalance  voltage  vs.  resonator  current 
of  the  tuning  fork  of  fig.  10  after  add¬ 
ing  a  drop  of  epoxy  to  the  left  tine. 


than  the  one  of  the  two  stem  arrangement.  From 
these  measurements 
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It  should  be  mentioned,  however  that  the  measure¬ 
ments  with  the  one  stem  tuning  forks  were  done 
using  two  bonded  gold  wires  instead  of  the  metal¬ 
lization  strips  1  and  2  (of.  fig.  4)  to  con¬ 
tact  the  tuning  fork.  These  gold  bonds  clamp  the 
tuning  fork  considerably  which  reduces  the  sen¬ 
sitivity  of  the  arrangement.  The  clamping  effect 
of  the  bonds  may  be  seen  also  in  the  quality 
factor,  which  was  81000  for  the  tuning  fork  in 
its  initial  condition,  decreased  to  59000  after 
the  drop  to  the  right  tine  (fig.  10)  and  increased 
to  71000  after  the  "compensation"  drop  to  the  left 
tine. 


6.  Conclusion 

This  paper  presents  a  method  for  measuring  the 
imbalance  of  quartz  tuning  fork  resonators  manu¬ 
factured  by  the  photolithographic  process.  The 
measurement  may  be  performed  while  the  resonators 
are  still  on  the  wafer  and  the  Information  ob¬ 
tained  may  be  used  to  correct  the  imbalance  in 
this  stage  of  the  manufacturing  process.  Using 
the  cantilever  model  for  the  tuning  fork,  it  is 
shown  that  the  conditions  for  a  "symmetric"  tuning 
fork  (a  tuning  fork  that  does  not  transmit  energy 
to  the  mount  due  to  imbalance)  are: 
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1.  The  length  of  the  two  tines  must  be  equal. 

2.  The  proper  frequency  of  the  two  tines  must 
be  equal. 

This  means  that  symmetry  defects  (except  for  dif¬ 
ferences  in  the  tine  length)  can  be  corrected 
using  the  known  means  of  frequency  adjustment  of 
a  tuning  fork  (laser  or  evaporator)  if  these 
equipments  are  modified  to  act  on  one  tine  only. 
The  measurement  system  for  the  imbalance  pre¬ 
sented  in  this  paper  is  capable  of  determining 
without  trial  and  error  which  of  the  two  tines  of 
the  tuning  fork  must  be  treated  to  correct  for 
the  imbalance.  This  is  particularly  advantageo'.is 
for  control  of  the  correction  tool. 


The  method  is  capable  of  measuring  the  imbalance 
quantitatively.  Depending  on  the  geometry,  a 
sensitivity  in  the  order  of  10  yiV  per  Hz  of  im¬ 
balance  may  be  achieved  for  watch  size  tuning 
forks  vibrating  at  32768  Hz.  The  imbalance  de¬ 
tection  limit  is  about  1Hz. 
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Summary 

Baseplating  is  a  first  metalization 
procedure  for  the  electrodes  of  quartz  re¬ 
sonators  which  are  processed  in  large 
quantities.  Ideally  we  would  like  the 
thickness  as  uniform  as  possible  and  of  the 
desired  thickness  such  that  subsequent 
processing  to  adjust  each  resonator  to  its 
target  frequency  can  be  performed  as 
efficiently  as  possible.  This  paper  attemps 
to  describe  a  simple  method  of  supporting 
baseplating  masks  in  a  vacuum  system  to 
achieve  good  uniformity  and  the  associated 
electronics  which  is  utilized  to  manage 
the  deposition  process. 


Introduction 

Although  many  deposition  fixtures  have 
been  devised  and  manufactured  for  the  semi¬ 
conductor  industry,  few  if  any  are  available 
for  the  quartz  industry.  With  the  exception 
of  uniform  thickness  distribution  of  eva- 
porant  on  all  the  blanks,  the  requirements 
of  thin  film  deposition  on  semiconductor 
blanks  differ  from  quartz  crystals.  For 
example  both  surfaces  on  the  quartz  blank 
(in  bulk  resonators)  have  to  be  metallized, 
only  one  surface  is  metallized  on  semicon¬ 
ductor  device  fabrication.  In  general 
semiconductor  blanks  are  metallized  without 
a  pattern  on  it,  the  pattern  is  generated 
subsequently  using  photolithography  or 
other  suitable  methods.  Quartz  blanks  for 
bulk  resonators  are  generally  metallized 
via  a  shadow  mask;  excessive  vibrations 
during  deposition  can  result  in  electrode 
misalignment.  Therefore  complex  motion 
fixtures  which  are  utilized  in  semiconduc¬ 
tor  applications  designed  to  achieve  film 
uniformity  generally  are  not  readily  appli¬ 
cable  to  quartz  crystal  industry.  As  a 
result  most  crystal  manufacturers  improvise 
their  own  methods  to  achieve  good  thickness 
uniformity  in  their  deposition  procedures. 

A  paper  by  Dybwad  ”  describing  a  deposit¬ 
ion  fixture  for  monolithic  crystal  filters 


is  perhaps  some  supporting  evidence  on  this 
conjecture. 

In  this  paper  I  will  try  to  explain 
what  has  been  done  at  TYCO  to  improve  the 
thin  film  thickness  distribution  over  our 
previous  system. 

Optimization  Procedure 

As  is  well  known  the  amount  of  evapo- 
rant  incident  upon  a  surface  is  dependent 
on  the  source  distribution,  i.e.  the  type 
of  source;  the  distance  from  the  source  to 
the  target  (blanks  or  wafers)  and  the  angle 
of  incidence  of  the  evaporant  flux  onto  the 
target.  The  source  distribution  at  some 
fixed  distance  from  the  source  can  be  des¬ 
cribed  in  terms  of  0,  0,  and  Ro.  If  the 
source  is  isotropic,  then  the  distribution 
is  only  a  function  of  Ro.  By  defining  the 
distance  from  the  source  to  the  substrate 
as  Ri,  and  the  angle  of  incidence  of  the 
flux  as  ¥i  (¥»0  is  normal  incidence) , 
the  amount  of  mass  at  any  position  Ri  can 
be  expressed  as: 

Mi  ec  F (0,  0,  Ro)  ““5’  COS  i 

Ri  * 

Our  previous  fixturing  for  baseplating 
consists  of  a  flat  holder  which  holds  four 
5"  x  5"  baseplating  masks  in  a  horizontal 
plane  at  about  16"  from  the  evaporant 
source,  see  figure  1.  The  typical  electro¬ 
de  distribution  is  shown  in  figure  2.  Se¬ 
veral  factors  result  in  the  large  non 
uniform  distribution  of  the  film  thickness. 
The  blanks  furthest  from  the  source  recei¬ 
ves  much  less  evaporant  than  those  which 
are  centrally  located  and  closest  to  the 
source.  Those  which  are  centrally  located 
receive  the  evaporant  flux  at  about  normal 
incidence  while  those  at  the  outer  parts 
receives  the  evaporant  flux  at  more  oblique 
angles.  The  effects  of  the  inverse  square 
law  on  the  distance  between  the  target  and 
the  source  reduce  the  flux  still  further 
and  finally  the  decrease  of  the  flux  from 
the  source  due  to  the  non-isotropic  beha¬ 
viour  results  in  a  plate-back  which  is  not 
uniform.  In  fact  the  data  for  a  flat  mask 
configuration  shown  in  figure  1  results  in 
a  standard  deviation  of  about  0.12  for 
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a  1.00  F2  mean  plateback. 

Our  present  fixturing  for  baseplating 
is  shown  schematically  in  figure  3.  To 
compensate  for  the  decrease  in  the  evapor- 
ant  incident  on  the  outer  areas  of  the 
masks  it  is  necessary  to  decrease  the  dis¬ 
tance  of  the  outer  areas  to  the  source  by 
drooping  the  masks.  By  supporting  the 
masks  at  a  dihedral  angle  instead  of  in  a 
flat  plane,  we  are  also  improving  the 
angle  of  incidence  of  the  evaporant  flux 
(Yi  )  closer  to  normal  incidence  such  that 
cos  T  i  approaches  1  .  In  contrast  the 
evaporant  arriving  at  the  central  areas  of 
the  fixture  will  now  have  to  travel  a 
further  distance  and  arrive  at  angle*  of 
incidence  which  are  more  oblique.  By  com¬ 
puting  the  value  for  each  Mi  equation  1  for 
a  specific  source  distribution  (i.e.  type 
of  boat)  and  optimizing  the  distribution  of 
Mi;  an  angle  can  be  found  which  will  yield 
the  minimum  non-uniformity  in  the  evaporant 
thickness  over  the  whole  mask. 

For  a  dimple  type  of  source  we  found 
that  the  "droop  angle"  or  dihedral  angle 
which  gives  us  the  best  distribution  is 
about  30*  from  the  horizontal.  The  results 
of  the  "drooping  mask  support"  can  be  con¬ 
trasted  to  that  of  the  flat  mask  fixture 
of  figure  2.  The  standard  deviation  of  the 
compensated  fixture  is  about  0.03  F2  while 
that  of  the  non  compensated  fixture  is 
o.l2  Fz;  both  are  for  a  1.00  Fz  mean  plate 
back. 

Instrument  Description 

The  actual  system  is  shown  in  figure 
6.  It  consists  of  a  hub  with  four  dihedral 
shafts  at  an  angle  of  30°  and  one  vertical 
shaft.  The  mask  holders  are  attached  at 
the  end  of  the  four  dihedral  shafts.  Each 
of  the  four  5"  x  5"  baseplating  masks  can 
be  slipped  in  and  our  of  the  mask  holders. 
They  are  held  in  place  during  the  basepla¬ 
ting  cycle  by  a  "spring  loaded  ball  detent 
retainer". 

The  vertical  shaft  drives  the  four 
dihedral  shafts  via  5  identical  bevel 
shaped  gears.  The  vertical  shaft  is  in 
turn  driven  by  a  reversible  ferrofluidic 
sealed  motor.  With  the  exception  of  the 
gears,  all  the  parts  are  manufactured  from 
stainless  steel  and  is  therefore  bakeable 
at  moderate  temperatures.  No  attempt  was 
made  to  seal  the  hub  which  encloses  the 
gear  and  shaft  mechanisms.  In  fact  large 
holes  are  drilled  on  the  top  surface  of  the 
hub  to  facilitate  vacuum  pump  out.  The 
hub  assembly  including  the  mask  holders, 
ferroluidic  motor,  are  supported  by  two 
vertical  stainless  steel  posts  from  the 
baseplate.  The  entire  assembly  is  designed 
such  that  it  can  be  disassembled  and 
re- assembled  easily.  Acid  cleaning  can  be 


performed  on  the  system  because  most  of  the 
parts  are  made  of  stainless  steel. 

In  this  configuration  the  masks  are 
rotated  about  the  dihedral  shafts  for  depo¬ 
sition  on  the  second  surface.  Although  a 
further,  improvement  could  have  been  obtained 
by  rotating  the  masks  about  an  axis  in  the 
plane  of  the  baseplate;  i.e.  an  axis  which 
is  orthogonal  to  the  present  axis;  the 
additional  improvement  would  had  been  obtai 
ned  by  an  imbalance  of  plating  between  the 
quartz  surfaces.  A  substantial  amount  of 
imbalance  of  plating  between  the  quartz 
resonator  surfaces  can  result  in  the  exci 
tation  of  even  ordered  overtone  modes  of 
the  crystal  and  on  occasions  may  result  in 
"activity  dips"  over  temperature.  Therefore 
we  decided  to  maintain  our  present  axis  of 
rotation.  As  mentioned  earlier,  a  ferro¬ 
fluidic  motor  drives  the  shaft  over  an 
angular  rotation  of  180°  This  angle  is 
ascertained  by  mechanical  stops  which  pre¬ 
vents  the  shaft  from  turning  beyond  180°. 

The  ferrofluidic  motor  is  de-energized  at 
the  end  of  its  travel  by  a  current  overload 
sensor. 

In  view  of  the  fact  that  we  have  had 
problems  with  training  baseplating  operators, 
we  incorporated  a  micro-processor  to  aid 
the  operation  of  the  baseplating  system. 

The  micro -processor  used  in  this  system 
utilizes  high  level  language  [basic) , 
because  we  intend  to  retain  a  large  portion 
of  flexibility  for  future  modifications. 

All  the  pertinent  deposition  parameters  and 
tasks  are  controlled  by  the  micro-processor. 
Parameters  such  as  pressure,  pump  down  per¬ 
formance,  plate  back  on  the  blanks  are 
measured  directly  via  A  to  D  convertors  or 
entered  as  data  on  the  CRT  monitor.  All 
other  parameters  which  have  to  be  transmitted 
to  the  baseplating  system  is  done  via  D  to 
A  convertors  through  appropriate  interface. 
All  that  is  required  from  the  operator, 
after  the  masks  are  inserted  and  the  source 
replenished  with  new  evaporant  material,  is 
to  enter  the  average  frequency  of  the  blanks 
and  the  target  frequency.  The  required 
plateback  on  the  blanks  and  on  the  deposi¬ 
tion  monitor  crystal  is  automatically  compu¬ 
ted  from  these  data.  The  micro-processor 
is  programmed  to  sense  the  vacuum  system 
performance  and  performing  the  deposition 
tasks;  i.e.  preheating  the  filaments,  out- 
gassing  the  evaporant,  opening  the  shutter 
for  evaporation  and  terminating  the  evapora¬ 
tion  process;  then  rotating  the  masks  after 
the  first  half  of  the  deposition  cycle  and 
completing  the  second  half  of  the  cycle. 

The  deposition  pressure  is  sampled  periodi¬ 
cally  and  compared  to  the  limit  programmed 
into  the  system.  Deposition  failures  are 
analyzed  in  terms  of  pressure  failure, 
evaporation  exhaustion,  broked  filament, 
transformer  failure  or  monitor  failure,  and 
are  displayed  as  a  specific  abort  message. 
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Conclusion 


Aknowledgemcnts 


A  simple  compensated  fixturing  for 
baseplating  has  been  described.  The  com¬ 
pensation  is  obtained  by  "drooping"  the 
mask  at  a  dihedral  angle.  For  a  "dimple" 
type  source  the  dihedral  angle  is  about 
30* .  The  plateback  uniformity  is  improved 
by  about  a  factor  of  four  over  a  flat 
fixture.  The  entire  baseplating  procedure 
associated  with  the  actual  deposition  is 
simplified  considerably  to  entering  the 
average  blank  frequency  and  target  fre¬ 
quency  and  replenishing  the  evaporant. 
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Fig.  1  FLAT  FIXTURE 


Fig.  2  FLAT  FIXTURE  DATA 
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Fig.  3  COMPENSATED  FIXTURE 


PLATE  BACK  UNIFORMITY  FOR 
I  F2  PLATE  BACK 
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Fig.  5  SOFTWARE  OUTLINE 


Fig.  4  COMPENSATED  FIXTURE  DATA 
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Fig.  6  COMPENSATED  FIXTURE  ASSEMBLY 
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ANALYSIS  OF  QUARTZ  RESONATOR  ELECTRODES  USING  THE 
RUTHERFORD  BACKSCATTERING  TECHNIQUE 
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Most  quarts  resonators  have  aetal  electrodes  on 
two  or  sore  faoes  of  the  crystal.  The  eleotrodes 
nay  be  deposited  In  an  appropriate  design  pattern  by 
any  of  several  techniques.  The  eleotrodes  must 
exhibit  several  properties:  they  mist  adhere  well  to 
the  quarts,  provide  reliable  eleotrloal  connection 
to  the  heeder  oonteot  pins,  be  easy  to  olean,  and  be 
stable  with  tine.  Various  quality  tests  and 
analysis  techniques  have  been  devised  over  the  years 
to  ensure  design  performance  of  produotlon  elec¬ 
trodes. 

In  this  paper  we  review  the  analysis  principals 
of  Rutherford  backsoatterlng  as  it  applies  to  thin 
file  eleotrodes  on  quarts.  In  this  method,  aonoen- 
ergetio  helium  nuclei  ure  aooel crated  in  a  Van  da 
Graff  generator  toward  the  sample  electrode.  The 
nuclei,  (AMU  4),  with  positive  ohaige,  pass  through 
the  film  or  are  absorbed  in  the  film  if  nuclear  col¬ 
lisions  ooour.  A  small  fraction  of  the  inoldcnt 
particles  are  in  fact  reflected  180°  back  out  of  the 
film,  l.e.  baoksoattered.  The  energy  of  the 
reflected  helium  nuolei  depends  on  the  mass  of  the 
atoms  constituting  the  substrate  and  the  thickness 
of  the  substrate.  This  nondestructive  analysis 
technique  is  oalled  Rutherford  baoksoattering  in 
honor  of  the  nan  who  first  described  the  physloal 
principles  of  nuolear  collisions. 

He  also  describe  here  the  application  of  Ruth¬ 
erford  baoksoattering  to  analysis  of  filss  on  AT-out 
shear  mode  resonators  and  x-out  extensions!  resona¬ 
tors.  In  both  oases,  film  interfaces  were  found  to 
be  partially  oxidised.  In  the  AT-oase  this  has  been 
related  to  the  aging  stability,  i.e.  mass  stability 
of  the  eleotrodes  (TlPdAu).  For  the  x-out  resona¬ 
tors,  the  degree  of  oxidation  of  the  NiCr-Au  inter¬ 
face  was  related  to  the  pull  test  performance  of 
solder  bond  leads.  The  less  oxidation  the  higher  is 
the  average  pull  value.  The  Rutherford  baoksoatter¬ 
ing  analysis  thus  implied  that  for  both  devices  the 
vapor  deposition  process  should  take  place.under 
relatively  good  vaouum  conditions  (<  5x10  Torr)  in 
order  to  prevent  interface  oxidation  and  thus  the 
generation  of  defects.  Improved  deposition  vacuum 
is  beltg  employed  for  both  types  of  devices  as  a 
result  of  the  Rutherford  film  analysis. 


Processing  of  pleaoeleotrlo  quarts  devioes  usu¬ 
ally  includes  some  method  of  depoelting  electrode 
patterns  on  one  or  more  faoes  of  the  single  oryatal 
blank.  The  eleotrodes  oover  considerable  surfeoe 
area  and  represent  the  interface  between  the  eleotr- 
ioal  driving  oirouits  and  the  desired  meohanloal 
vibrations  ef  the  orystal .  Henoe,  the  meohanloal 
and  aleetrlcal  quality  of  the  deposits  are  smpected 
to  influence  the  performance  of  the  finished  dev¬ 
ioes.  Many  methods  have  been  devised  to  qualify 
electrode  deposits;  we  review  here  one  of  the  more 
recent  analysis  techniques  which  is  not  widely  known 
but  is  very  powerful  in  its  application  -  namely 
Rutherford  Baoksoattering.  The  method  gives  non¬ 
destructive  depth  profiles  of  the  eleotrodes,  chemi¬ 
cal  oom position  or  the  eleotrodes,  and  information 
on  stability  of  interfaces  the  eleotrodes  may  have. 


Sufchsnford  ■aaksaattari 


The  basis  for  this  nuolear  method  of  film 
analysis  b*lns  with  the  analysis  of  the  momentum 
and  snergy  or  colliding  nuolei.  Figure  1  shows  such 
a  oollision  between  an  lnooming  part  ids,  a,,  and  a 
target  atom  a,,  if  we  restriot  ourselves  to  low 
projeotlle  energies,  the  process  will  be  elastic  in 
nature,  and  we  can  then  write  classical  conservation 
equations  immediately. 

— >  — >  — >  — > 

P1I  *  P2I  *  Pir  *  P2F 

T1I  *  T2I  *  T1f  *  t2F 


Momentum 

(1) 

Kinetio  Energy 

(2) 

Because  of  the  idealised  geometry  we  have  chosen, 
where  the  process  takes  plaoe  in  the  plane  of  the 
paper,  with  a.  being  at  rest  initially,  we  oan  sim¬ 
plify  1  and  2T 


P1I  *  P1F  00,*1  *  P2F  00,®2^0P*'*011^**  C°BP°n*nt)  (3) 


P2I  *  0 
P1F  •ln#1 


?zr  sin»2  ■  0 


(eg  at  rest)  (4) 

(Vertical  Component)  (5) 


& 

T  .  0  ,  -* 

*21  *  u  *  2^ 


(mg  at  rest) 


(6) 


(7) 


«2  _2  _2  p2 

in  .  !a ,  ijjl  . 

2m,  2»2  2m,  2^ 

where  the  kinetic  energy  is  T  «  P2/2m.  This  siapll- 
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fit*  to: 


P1I  •  P1F  00,#1  *  P2F  00*®2 

(8) 

0  «  F,p  sln»1  -  Pgy  sin«2 

(9) 

,2  .2  .2 

PU..l.PJf  . 

2*1  -2 

(10) 

Th«  Rutherford  backsoatterlng  oaae  allows  further 
simplification,  l.s. ,  wt  oonsider  only  head  on 
direct  collisions,  with  a(  <  a^. 


2a 


1 


That  is,  A. ,  is  180°  for  this  oasa. 

leaves 


(11) 

(12) 

Combining  terms 


*2  <pu  "  Pir)  * 


{P1I  ♦  P1F> 


Or,  in  a  aore  useful  fora 

,2 


■,r 

i 


II  1*2  *  *1 1 


(13) 


(14) 


Equation  14  relates  then  the  inoident  energy  to  the 
baokscattered  energy  solely  as  a  function  of  the 
aasses  of  the  two  particles  Involved.  Henoe,  if  we 
let  a  aonoenergetic  beaa  of  aooelerated  particles  of 
known  aass,  a.  strike  a  target  and  then  analyse  the 
energies  of  the  recoiling  particles,  a,,  we  oan 
deteralne  the  obeaioal  ooaposltlon  of  the  unknown 
target  the  only  unknown  in  (14). 


Figure  2  shows  the  expected  spectrum  froa  a  one 
ooaponent,  infinite  target.  Notlae  that  the 
detected  energies  start  at  TQU_,  whloh  determines  a, 
by  (14),  and  continue  down  to  tower  energies.  This*1 
occurs  since  the  collision  prooess  is  not  truely 
energy  conservative.  Soae  projectile  energy  is  lost 
by  coulomb  interactions  with  the  electrons  surround¬ 
ing  the  target  nuolel.  The  speotrua  intensity 
should  have  a  nearly  flat  top  except  at  low  ener¬ 
gies,  the  height  of  which  is  governed  by  the  dif¬ 
ferential  scattering  cross  section* 


d_  1Z.Z-I2! 
S*  1.296  l-^l  II 
*“  I  ~1N  I  I 


*21 


xio"27  ca2/str 


(15) 


That  is,  the  probability  of  collision  is  large 
for  heavy  targets  with  high  atoalo  number,  Z?.  This 
is  ideal  then  for  analysis  of  aetal  electrodes.  For 
these  thin  electrodes,  the  speotrua  would  appear  as 
shown  in  Figure  3.  The  width  of  the  speotrua  in 
energy  spaoe  then  gives  information  on  target  thiok- 
ness,  t,  if  the  value  of  dT/dt! a  is  known. 


For  targets  with  several  ooaponenta  on  a  sub¬ 
strate,  we  would  have  a  speotrua  like  that  of  Figure 
4.  The  different  ooaponents  are  resolved  in  energy 
spaoe  by  the  baoksoattering;  this  tends  to  aid  iden¬ 
tification.  However,  the  heavier  ooaponents  effec¬ 
tively  push  the  lighter  ooaponents  to  lower  energies 
because  of  dT/dt,  the  rate  of  energy  loss,  which 


auat  be  applied  as  a  correction  to  the  aass  equation 
14.  Hass  identification  oan  be  aided  by  takii*  lo^ 
oounts  and  oom paring  peak  heights  on  a  relative 
basis.  The  statistical  nature  of  the  baokscatterirg 
prooess  and  channeling  processes  in  sltgle  orystal 
materials  will  llait  this  resolution.  The  proper¬ 
ties  of  the  deteotor  will  also  llait  the  resolution 
in  energy,  whloh  is  related  to  aass  or  thlokness 
resolution.  The  deteotor  used  in  these  experiments 
oan  dlsorialnate  £?  in  inoreaents  of  4ke?  ghioh 

corresponds  to  a  gold  film  thlokness  or  32A.  Bxper- 
laental  oonji|ions  reduoe  this  resolution  further  to 

about  120A. 


The  Inoident  partioles  used  in  these  experi¬ 
ments  were  singly  ionised  helium  nuolel  with  atoalo 
mass  number  4.  This  probe  atoa  is  easy  to 
accelerate,  will  not  reaot  oheaioally  with  the  tar¬ 
get,  and  is  light  enough  to  prevent  significant 
transfer  of  energy  to  the  target  whloh  oould  oause 
damage.  The  aooelerator  used  here  was  a  2  MEV  Van 
de  Oraff  aaohlne;  the  inoident  energy  was  1.6  MEV. 
This  energy  prevents  target  dan  age  (l.e.,  elastio 
collisions)  and  gives  good  energy  resolution.  Also, 
extensive  data  exists  in  this  energy  range  on  dT/dt, 
the  stopping  power  of  aetal  targets. 

Figure  5  shows  the  details  of  aooelerating  the 
aonoenergetlo  beaa  towards  the  target.*  Electros¬ 
tatic  defleotors  are  used  to  align  the  fcaaa 
correctly  vertically  and  horlsontally.  A  series  of 
oolliaatlng  apertures  oontrol  ths  beaa  diameter 
(0.060  degrees).  Saall  beaa  diameters  aid  in  detec¬ 
tion  of  lateral  variations  on  the  target  surface, 
but  require  correspondingly  longer  aoouaulation 
tlaes  at  the  deteotor.  The  deteotor  is  an  annular 
ring  with  50  amz  area.  The  target  is  rigidly 
mounted  on  a  oopper  block  attaohad  to  a  gonloaeter 
head.  The  blook  is  equipped  with  heater  elements  so 
that  diffusion  experiments'  oan  be  oarried  out  on 
the  aaaple  without  breaking  vacuum.  Liquid  nitrogen 
oold  traps  aaintained  a  vaouun  level  of  about  10*D 
torr  for  these  experiments. 

A  2046  bin  aultiohannel  analyzer  is  used  to 
display  the  baokscatter  information  from  the  deteo¬ 
tor  (Figure  6).  The  total  energy  range  whloh  oan  be 
detected  is  thus  approximately  1  MEV,  sufficient  for 
aost  analyses.  A  ooaputer  and  keyboard  are  used  to 
oontrol  the  helium  beaa  by  aeana  of  shutters,  aoou- 
aulate  and  analyse  the  data,  and  print  or  plot  the 
results  if  a  permanent  reoord  is  desired.  Figure  7 
is  an  example  of  a  typical  analysis  speotrua. 

QUARTZ  SBaOMAIQB  AfPLICAHQHS 

Thin  film  analyses  using  Rutherford  baok¬ 
soattering  have  been  ooapleted  on  two  resonator 
codes  in  our  laboratory.  A  brief  description  of 
eaoh  will  serve  to  illustrate  the  aethod. 


A.  The  Monolithic  Crystal  Filter  (MCF1 

The  MCF  (Figure  8)  is  an  8-pole  Chebysohev 
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filter  with  a  4  kHz  bandwidth  and  uaad  for  voioa 
channel  communications.  Titaniua-palladium-gold 
filaa  are  e-bean  evaporated  onto  the  AT-out  sub¬ 
strate.  Short  and  long  tera  aging  studies  on  these 
devices  typically  displayed  frequency  shifts  as 
shown  in  Figure  9. 7  The  negative  frequency  shifts  at 
long  tines  were  attributed  to  accumulation  of  aass 
on  the  electrodes.  Since  the  top  gold  layer  was 
intended  to  protect  the  active  aetal  layers  below 
(Ti-Pd),  it  was  suspeo';ed  that  the  aass  was  passing 
through  pinholes  in  the  top  fila.  Rutherford  back- 
scattering  analysis  was  used  to  confine  this  model. 
Figure  10  shows  the  spectra  after  a  long  annealing 
tiae.  The  three  aetala  forming  the  electrode  are 
still  well  defined  implying  that  little  diffusion 
took  place  during  the  in  situ  annealing  process. 
Other  experlaents  with  Ti-Pd-Au  thin  fllas  deposited 
under  carefully  controlled  conditionsjgave  the 
reference  speotra  shown  in  Figure  10.  The  Interdif¬ 
fusion  of  the  interfaces  is  well  developed.  We  oon- 
olude  that  aablent  aass,  aost  likely  oxygen  or  water 
vapor,  has  indeed  diffused  through  the  MCF  gold 
electrode  and  oxidized  the  interfaces  of  the 
tltaniua  and  palladium  layers.  Oxides  of  aetals 
generally  exhibit  lower  diffusion  rates  than  the 
pure  aetal.  Aging  performance  was  laproved  on  this 
device  by  reducing  the  aabient  oontaaination  levels, 
and  depositing  filas  with  fewer  pinhole  defeats.  It 
was  noted  that  the  laproved  deviaea  exhibited 
increased  eleotrode  interface  diffusion.  Hence,  the 
backsoatter  diffusion  results  could  be  correlated 
with  filter  frequency  stability. 


b.  EgtBoalongl  Bcaaaatara  (g-tlwnta) 

Figure  11  shows  an  extenaional  node  resonator 
which  is  part  of  a  larger  band  pass  filter  assea- 
bly.  The  5°  x-cut  blank  has  a  pair  of  split  eleo- 
trodes;  the  electrodes  are  filament  evaporated 
niebreae  and  gold.  Four,  headed,  wire  leads  are 
soldered  to  the  electrodes  to  provide  eleotrioal 
connections.  The  detailed  characteristics  of  these 
bonds  were  expected  to  influence  device  performance. 
Based  on  the  MCF  results  discussed  above,  a  baok- 
scatter  study  was  undertaken  to  determine  if  fila 
quality  could  be  correlated  with  lead  pull  strength. 

Two  groups  of  test  resonators  were  fabricated: 
one  group  received  noraal  eleotrode  processing,  and 
the  other  group  had  electrodes  deposited  under 
improved  vacuum  conditions  (^x10"°  torr).  Saaples 
from  the  two  groups  were  analyzed  by  Rutherford 
baokooattering .  Figure  12  suaaarlzes  the  results. 
Initially,  both  groups  gave  identical  speotra. 

After  a  high  temperature  anneal  period  (500°C  for  30 
alnutes)  only  a  saall  amount  of  interface  diffusion 
was  observed  for  the  laproved  vaouua  deposition 
group.  The  group  processed  normally  did  not  show 
any  additional  diffusion  on  annealing.  We  oonolude 
that  the  fila  interfaces  were  oxidized  in  both  sets 
of  saaples.  On  a  relative  basis,  the  laproved 
vaouua  group  showed  the  least  oxidation. 

Wire  leads  were  then  attaohed  to  all  the  test 
orystals  by  standard  solder  bonding  techniques 
(60/40  lead  tin).  The  leads  were  pull  tested  to 
destruction,  and  the  pull  values  in  kilograas  noted. 


The  average  values  and  standard  deviations  for  the 
two  groups  are  listed  below. 


(as*0) 

Improved  Vaouua  Qroup: 
Noraal  Froduot: 


Teat 

Pull  Values  (K  ga) 

P  «  1.16  ±0.127 
P  ■  0.98  ±0.158 


The  saaples  aade  under  controlled  deposition  condi¬ 
tions  exhibited  laproved  lead  adherenee.  We  con¬ 
clude  that  less  oxidation  of  aetal  fila  lnterfaoes 
as  determined  by  backaoatterlng  and  other  experi¬ 
ments  improves  the  aolderabllity  of  niobrome-gold 
electrodes. 


I  have  reviewed  here  the  prinoiplea  governing 
Rutherford  Backaoatterlng  analysis.  This  nuclear 
technique  involves  the  acceleration  of 
aonoenergetio  ue  towards  the  saaple.  Nuclei  are 
deteoted  whioh  have  suffered  an  elastio  collision 
with  the  target  nuclei  and  been  reflected  180°.  The 
energy  apeotrua  of  the  deteoted  particles  oontains 
oheaical  and  thlokness  information  about  the  target. 
Diffusion  of  interfaces  can  be  aonitored  in  situ  by 
annealing. 

The  aethod  lends  itself  to  non-destruotive 
testing  of  thin  aetal  filas.  I  have  described  here 
the  application  of  this  important  analysis  technique 
to  two  types  of  quartz  resonators  with  aetal  elec¬ 
trodes.  In  the  one  oase,  interface  oxidation 
observed  in  the  baoksoatter  data  was  related  to  dev- 
loe  aging  stability.  In  the  other  oase,  interface 
oxidation  has  been  correlated  with  pull  strengths  of 
wire  leads  solder  bonded  to  the  nlohroae-gold  elec¬ 
trodes  on  extensional  resonators, 
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FIGURE  6  SCHEMATIC  OF  THE  RUTHERFORD 
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FIGURE  8  THE  MONOLITHIC  CRYSTAL  FILTER 
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figure  10  rutherforo  backscattering  of  an  annealed 
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Abstract- 


The  sensitivity  of  quartz  resonators  to  tem¬ 
perature  gradients,  known  as  the  dynamic  thermal 
behavior,  is  one  of  the  main  causes  of  instabili¬ 
ty  in  oscillators.  When  using  AT  cut  resonators 
it  is  necessary  to  control  short  term  temperatu¬ 
re  fluctuations  at  a  level  below  1  p  °C  and  to 
maintain  a  drift  lower  than  0.001°C/day.  Such 
specifications  are  not  easy  to  achieve  with  regu¬ 
lar  analog  temperature  contro1 led  ovens,  the  reso¬ 
lution  of  which  is  limited  by  temperature  probes 
such  as  thermistors,  platimum  resistors,  etc,  by 
the  signal  over  noise  ratio  and  by  the  difficulty 
of  introducing  appropriate  correcting  networks  m 
the  servo  loop  for  lower  frequencies.  The  princi¬ 
ple  of  the  device  which  is  presented  consists  in 
using  a  quartz  resonator, with  a  large  temperature 
coefficient,  as  temperature  to  frequency  transdu¬ 
cer,  and  after  frequency  multiplication  and  mi¬ 
xing  a  digital  electronics  for  driving  the  oven 
heater.  The  oven  itself  is  to  be  designed  with 
thermal  shunts  and  discontinuities  so  that  it 
filters  the  residual  fluctuations  at  higher  fre¬ 
quencies.  Accurate  digital  control  and  thermal 
filtering  enable  to  reach  temperature  stabilities 
better  than  .1  li°C  over  a  few  seconds  and  .001°C 
per  day. 


Introduction 


Previous  studies,  on  ^hg  dynamic  thermal 
behavior  of  auartz  resonators  ’  showed  the  large 
influence  of  temperature  gradients  on  the  frequen¬ 
cy  of  quartz  oscillators  and  led  to  a  simple 
model  consisting  m  an  additional  term  proportio¬ 
nal  to  the  time  derivative  of  temperature.  The 
complete  frequence-temperature  characteristic,  in¬ 
cluding  both  static  and  dynamic  effects  then  is 

(f-f  )/f  =  a  dT/dt  +  a  (T-T  ) 

°°  2  °  °  ,  (1) 
+  b  (T-T  )  +  c  (T-T  ) 

OO  0  0 

where  \  is  called  dynamic  temperature  coefficient 
and  a  ,  b  and  c  are  the  1st,  2nd  and  3rd  order 
static  temperature  coefficients. 

If  considering  only  the  static  behavior  of 
an  AT  cut  quartz  resonator  operated  at  its  turn¬ 
over  temperature  point,  the  F-T  characteristic  is 


parabolic 
10-9/°C  2. 


with  an  equivalent  coefficient  of 
Therefore  the  achievement  of  a  10 
frequency  stability  would  need  only  an  accuracy 
in  temperature  of  ,01°C  which  can  be- easily  obtai¬ 
ned.  But  for  the,.  same  AT  cut  resonator  the  ? 
coefficient  is  10  s/°C.  This  roughly  means  that 

the  same  frequency  variation  (frequency  step  for 
instance)  can  be  obtained  with  linear-in-time  tem¬ 
perature  changes  as  low  as  0.01  p  °C/s  at  short 
term  and  0.001°C/per  day  at  long  term. 


The  exact  transformation  from  temperature 
to  frequency  fluctuations  can  be  madfe  if  the 
former  ones  are  defined  with  the  same  mathemati¬ 
cal  tools  as  for  the  last  ones,  i.e.,  mean  va '  ue 
and  variance.  Let  AT(t)  be  the  absolute  tempera¬ 
ture  variations  and  y(t)  the  fractionnal  frequen¬ 
cy  variations. 


Both  are  related  following  the  equation 
0y(t)  =(aA)0AT(T)  (2) 

as  illustrated  on  figure  1. 

For  SC  cut  resonators,  the  a  coefficient  is 
lower  by  a  factor  hundred.  Therefore  the  accuracy 
in  temperature  can  be  advantageously  reduced  by 
the  same  factor.  Such  thermal  specifications  are 
not  easy  to  achieve  in  regular  analog  temperature 
controlled  oven.  Effectively  thermistors,  p)ati- 
nium  resistors  or  thermocouple,  do  not  offer  a 
sufficient  signal  over  noise  ratio  and  are  not 
stable  enough  at  long  term.  In  analog  servo  loop 
the  correcting  networks  practically  are  not  usa¬ 
ble  for  the  lowest  frequencies  and  therefore  un¬ 
wanted  oscillations  are  difficult  to  avoid. 


The  device  which  has  been  studied  is  based 
on  the  principle  of  digital  temperature  control. 
The  key  element  is  the  quartz  resonator  used  as 
temperature  sensor,  which  drives  an  oscillator 
and  is  choosen  with  a  large  first  order  static 
temperature  coefficient.  The  information  is  al¬ 
most  digitally  available  as  a  frequency.  After 
multiplication  and  mixing,  if  necessary  for  in¬ 
creasing  the  resolution,  and  comparison  with  res¬ 
pect  to  a  stable  frequency  reference,  this  infor¬ 
mation  equivalent  to  temperature  is  taken  into 
account  by  a  p  processor  which  drives  the  oven 
heater.  The  oven  design  is  not  so  different  of 
the  previous  ones,  but  is  to  be  adapted  to  the 
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quartz  probe  shape  and  characteristics,  and  a 
maximum  of  care  is  taken  to  minimize  thermal  cou¬ 
pling  along  the  connecting  cables.  The  oven  is  a, 
as  low  as  possible,  thermal  low-pass  filter. 

Temperature  sensors 

Bulk  waves  resonators  and  SAW  delay  lines 
or  resonators  can  be  used  as  temperature  sensors. 
Several  crystallographic  cuts  are  available,  as 
shown  in  table  I,  where  are  presented  their  sensi¬ 
tivities  and  linearities. 


cut 

sensi 

absolute 
( Hz/°C ) 

fivity 

relative 

ppm/0C 

2nd  order 
T.C. 
(io-V°c) 

frequency 

MHz  i 

LC 

1000 

36 

0 

28  ! 

Y+4° 

460 

92 

60 

5  1 

SC 

B  Mode 

125 

25 

-35 

5  1 

LST 

(SAW) 

3100 

31 

-  2 

100  | 

Table  I  :  Comparison  between  different  resonators 
used  as  temperature  sensors 


These  different  cuts  have  their  own  advanta¬ 
ges  and  inconvenients  : 

a)  LC  cut  is  sensitive  and  linear.  The  resonators 
which  were  used  have  a  small  size  (mounted  in  a 
T039  enclosure)  and  time  constants  of  a  few  secon¬ 
ds.  Their  peculiar  frequency  noise  was  measured 
and  is  presented  on  fig.  2.  Two  different  noise 
sources  are  observed  :  1/F  noise  and  frequency 
random  walk  (1/F  2) .  This  last  one  is  directly 
related  to  temperature  fluctuations  (the  dynamic 
thermal  behavior  is  involved  in  this  frequency 
range)  of  the  oven  which  was  used  during  the 
measure.  The  1/F  spectrum  is  not  correlated  to 
temperature  fluctuations,  at  least  at  room  tempe¬ 
rature,  and  will  constitute  the  limit  of  resolu¬ 
tion  of  the  probe.  At  1  hz  this  resolution  is  of 
the  order  of  6  p°C  (independently  of  other  additi¬ 
ve  jise  sources  m  the  electronic  associated  to 
the  sensor). 

b)  The  rotated  Y+4°  cut  presents  the  largest 
first  order  T.C.  (92  ppm/°C)  but  also  a  large 
second  order  T.C.  Therefore  the  resolution  will 
deoend  on  the  operating  temperature. 

c)  The  B  mode  of  SC  cut  offers  a  good  sensitivity 
but  also  a  linearity  which  is  not  sufficient  if 
the  temperature  range  is  wide.  The  main  advantage 
of  this  cut  is  to  have  an  intrinsic  stability, 
which  is  expected  to  be  same  one  for  the  B  mode 
as  for  the  C  mode  (at  constant  temperature).  The 
sta^lity  of  this  last  one  bein^  in  the  range  of 
10  ,  and  exceptionally  of  10  foi  BVA  resona- 
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tors  ,  the  resolution  in  temperature  measurement 
will  be  the  best  one,  but  with  much  larger  time 
constants  related  to  the  crystal  size  and  to  its 
mounting. 

d)  The  LST  cut  SAW  sensor  leads  to  comparable 
relative  sensitivities,  but  to  higher  absolute 
sensitivities  (this  aspect  is  not  niglegible  be¬ 
cause  larger  the  frequency  shift/°C  simpler^  the 
electronics),  and  also  has  a  good  linearity  .  It 
can  be  used  over  a  large  temperature  range.  Its 
main  advantage  certainly  is  the  small  time  cons¬ 
tant  (below  1  s)  due  to  the  structure  of  the  SAW 
oscillator  itself.  But^he  intrinsic  stability  is 
between  10~  and  10  typically  and  lower  by 
several  order  of  magnitude  when  compared  to  SC 
cut. 

Description  of  the  thermostat 

The  schematic  diagram  of  the  temperature 
control  presented  on  fig.  3  is  adapted  to  a  28 
MHz  LC  cut  sensor  which  has  a  sensitivity  of  1000 
Hz/°C.  The  frequency  is  compared  to  a  25  MHz 
reference  obtained  from  a  multiplied  5  MHz  stable 
oscillator.  The  beat  frequency  after  multiplica¬ 
tion  by  10  will  give  a  resolution  of  10  °C/Hz. 
If  ,neeessary  this  resolution  can  be  increased  to 
10  °C/Hz  with  a  second  step  of  mixing  and  multi¬ 
plication  . 

A  counter  measures  the  final  beat  frequency 
over  a  time  interval  t  =  1  s.  The  data  of  the 
counter  then  are  introduced  map  processor  and 
compared  to  the  operation  temperature  T  dis¬ 
played  by  means  of  a  thumbwheel.  The  signal  error 
delivered  by  the  tp  in  the  form  of  incremental 
current  steps  of  .1  mA  drives  after  amplification 
the  oven  heater. 

The  versatility  of  such  a  system  is  attri- 
buable  to  the  pp.  The  parameters  of  the  servo 
loop  can  be  modified  just  by  changing  instruc¬ 
tions  in  the  program  and  all  corrections  neces¬ 
sary  to  avoid  spurious  oscillations  can  be  also 
introduced  directly  m  the  program.  However  the 
linearity  of  the  temperature  sensor  is  not  so 
important  because  after  calibration  it  can  be 
corrected  aiso  by  programing  adequatiy  the  p  p.  A 
second  temperature  probe  enables  to  measure  the 
residual  temperature  fluctuations  by  means  of  a 
similar  system  used  as  a  thermometer,  but  indepen¬ 
dently  of  the  first  one. 

The  oven  itself  is  to  be  carefully  designed 
m  order  to  avoid  thermal  coupling  between  its 
inner  part  and  the  surrounding  medium.  Direct 
heat  exchange  along  the  cables  are  minimized  by 
means  of  thermal  discontinuities  and  shunts  made 
with  thin  wires  of  stainless  steel  or  argentan. 
Several  types  of  ovens  were  built  as  shown  on 
fig.  4  : 

a)  a  single  oven  made  with  a  block  of  brass  which 
contains  the  probe  ;  a  resistive  coil  in  contact 
is  used  as  heater.  The  oven  is  thermally  protec¬ 
ted  with  fiberglass. 
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b)  a  double  oven  made  with  a  copper  block  similar 
to  the  previous  one  is  placed  in  a  stainless 
steel  box. 

c)  a  threefold  oven  constituted  with  a  copper 
block,  which  contains  the  probes  and  the  heater, 
placed  in  two  boxes  of  copper  and  stainless 
steel.  Thermally  insulated  connectors  were  used 
with  this  more  sophisticated  oven. 

The  volume  and  weight  and  therefore  time 
constants  of  the  ovens  increase  with  the  number 
of  layers,  but  the  thermal  filtering  becomes  more 
efficient. 

At  this  filtering  effect  of  the  oven  is  to 
be  added  the  effect  of  the  resonator  enclosure 
with  its  own  thermal  time  constant,  which  still 
minimizes  the  residual  fluctuations. 

Short  and  long  term  temperature  stabilities 

As  indicated  above,  the  temperature  in  the 
oven  was  measured  independantly  of  the  control¬ 
ling  system  itself  by  using  also  a  quartz  resona¬ 
tor  as  temperature  sensor.  It  is  important  to 
note  that  the  temperature  is  locally  measured  and 
the  obtained  value  does  not  reflect  the  temperatu¬ 
re  of  the  all  oven  but  only  of  an  average  over  a 
small  volume  :  the  volume  of  the  measurement 
probe  indeed.  The  thermostats  which  were  studied 
being  to  be  used  for  controlling  the  temperature 
of  quartz  crystal,  it  is  mostly  interesting  to 
measure  this  temperature  by  means  of  a  quartz 
probe  in  order  to  be  in  the  same  conditions  as 
during  operation.  Tv/o  types  of  sensors  were  used 
for  these  measures,  I.C  cut  and  SC  cut.  The  first 
one  gives  informations  on  the  thermal  fluctua¬ 
tions  as  they  are  seen  by  the  temperature  control 
system  and  will  show  its  operating  range  and  its 
limitions.  With  the  second  one,  the  B  mode  will 
give  the  temperature  of  the  resonator  which  will 
be  operated  effectively  in  a  frequency  standard, 
and  therefore  its  true  temperature  can  be  deter¬ 
mined. 

If  the  same  oven  is  utilized  for  both  measu¬ 
rements  the  differences  which  appear  in  the  resu¬ 
lts  are  to  be  attributed  to  the  different  thermal 
constants  of  the  resonators. 

On  fig.  5  are  presented  the  temperature 
stabilities  obtained  when  measuring  the  thermal 
fluctuations  in  the  threefold  oven  with  an  LC  cut 
probe,  with  a  regular  commercially  available  SC 
cut  resonator  and  with  a  BVA  SC  cut  high  perfor¬ 
mance  resonator. 

It  can  be  seen  that  as  predicted  the  measu¬ 
red  temperature  stability  depends  on  the  type  of 
probe  and  more  precisely  on  their  thermal  time 
constant.  The  LC  resonator  has  the  faster  respon¬ 
se.  The  time  constants  introduce  a  cut-off  in  the 
stability  curves.  These  curves  increase  as  *  and 
go  to  a  same  floor,  which  will  correspond  to  the 
resolution  of  the  servo  loop,  but  which  could  be 
observed  only  over  very  large  time  intervals  in 


account  of  the  several  hour  time  constant  of  the 
oven.  At  short  term  the  three  stabilities  merge 
in  one  single  curve  and  the  fluctuations  seem  to 
follow  a  1/tlaw.  In  fact  this  corresponds  to  the 
electronic  noise  of  the  measurement  system  it¬ 
self  and  is  not  to  be  attributed  to  temperature. 

The  best  short  term  stability  was  obtained 
for  T  =  10  s  with  the  BVA  resonator  and  is  equal 
to  .04  M  °C.  For  shorter  times  the  curves  can  be 
extrapolated,  in  this  case  the  measurement  system 
noise  is  not  to  be  taken  into  account. 

The  influence  of  the  oven  design  was  also 
studied.  On  fig.  6  are  presented  the  temperature 
stabilities  measured  in  the  three  different  ovens 
with 'the  same  LC  cut  probe. 

The  long  term  temperature  stability  was  mea- 
sured^  in  the  threefold  oven  when  controlled  with 
a  10-  °C  resolution.  Temperature  was  recorded  eve¬ 
ry  1000  s  during  several  days  and  the  results  are 
presented  on  fig.  7.  A  mean  drift  of  the  order  of 
3.10-  °C  per  day  was  observed  and  is  attributed 
to  the  resonator  frequency  aging  ;  this  resonator 
was  operated  only  for  two  days  before  the  begin¬ 
ning  of  the  measurements.  The  random  variations, 
which  are  superposed  on  the  mean  drift,  is  due  to 
the  influence  of  the  room  temperature  changes  on 
the  probe  oscillator  which  was  outside  the  oven. 

Conclusion 

This  study  shows  that  the  accuracy  in  tempe¬ 
rature  control  can  be  improved  by  using  a  digital 
control.  The  stabilities  which  were  obtained  at 
short  term  are  closed  to  the  specifications  necej^ 
sary  to  achieve  frequency  stabilities  of  10 
with  AT  cut  resonators  and  sufficient  with  SC  cut 
resonators.  At  long  term  the  observed  temperature 
drift  is  lower  than  0.0001°C  /day  and  the  peak  to 
peak  variations  remain  within  0.001°C.  These  re¬ 
sults  are  still  perfectible  and  improvments  are 
expected  by  using  miniaturized  probe  oscillators 
located  inside  the  oven,  and  not  outside  as  pre¬ 
sently.  In  this  first  work  the  maximum  of  care 
was  taken  in  the  design  of  the  oven,  without 
considerations  of  size.  The  second  step  will  con¬ 
sist  in  cancelling  all  that  what  is  not  necessary 
in  order  to  decrease  the  size,  weight  and  cost  of 
such  thermostats. 
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Fig.  2  :  Fractional  frequency  fluctuation's  density  power  spectrum  of  the  LC  cut 
temperature  sensor. 


pig.  3  :  S'-homat  ir  of  -ri-onir  system  used  for  controlling  the 

temperature 
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Fig.  5  :  Temperature  fluctuations  in  the  threefold  oven  measured  with  LC  cut, 
regular  SC  cut  and  BVA  SC  cut  resonators. 


56 


Proc.  34th  Ann.  Freq.  Control  Symposium,  USAERADCCf-',  Ft.  Monmouth,  iiJ  07703,  "ay  1930 


A  NEW  EQUIVALENT  CIRCUIT  FOR  PIEZOELECTRIC  CERAMIC  DISC  RESONATORS 


Masahiro  Toki,  Yasuo  Tsuzuki  and  Osamu  kawano 


Yokohama  National  University 
Hodogaya-ku,  Yokohama  240 
Japan 


Summary 

A  new  equivalent  circuit  has  been  considered, 
so  that  it  can  be  usable  for  a  better  simulation  of 
the  impedance  characteristics  of  ceramic  resonators. 

Characteristics  of  the  resonator  impedance 
have  been  investigated  on  radial  mode  ceramic  disc 
resonators,  and  it  has  been  indicated  that  the  fre¬ 
quency  characteristics  of  the  test  resonator  imped¬ 
ance  over  a  wide  frequency  range  including  the  se¬ 
ries  and  parallel  resonance  frequencies  can  not  be 
simulated,  if  all  the  parameters  of  a  commonly  used 
equivalent  circuit  are  made  constant. 

A  r.ew  equivalent  circuit,  then,  has  been  con¬ 
sidered.  The  configuration  of  the  new  circuit  con¬ 
sists  of  a  commonly  used  equivalent  circuit  and  a 
resistance  element  connected  in  series.  It  has 
been  verified  that  the  new  equivalent  circuit  rep¬ 
resents  well  the  resonator  impedance  characteris¬ 
tics  over  the  wide  frequency  range.  The  new  cir¬ 
cuit  configuration  is  applicable  to  all  the  resona¬ 
tor  samples  which  have  an  arbitrary  thickness  and 
diameter,  and  the  ones  which  have  different  values 
of  piezoelectric  coupling  factor  and  quality  factjr. 


Introduction 

Piezoelectric  ceramic  disc  resonators  have 
been  in  wide  use  in  filters  and  transducers.  In 
order  to  represent  the  characteristics  of  the 
ceramic  resonators,  ->n  equivalent  circuit,  consist¬ 
ing  of  RiL^Cj  serico  resonance  circuit  with  equiva¬ 
lent  parallel  capacitance  C0  as  shown  in  Fig.  1(a), 
is  commonly  used  in  the  vicinity  of  the  resonance 
frequency.  In  recent  investigation,  however,  it 
has  been  found  that  the  characteristics  of  the  res¬ 
onator  impedance  in  the  vicinity  of  the  series  and 
parallel  res, nance  frequencies  can  not  be  simulated 
simultaneously,  if  all  the  elements  of  the  commonly 
used  equivalent  circuit  are  made  constant. 

In  this  paper  a  precise  measuring  method  of 
equivalent  circuit  parameters,  recently  developed 
by  the  authors[l] [2] ,  is  used  in  order  to  investi¬ 
gate  the  impedance  characteristics  of  the  radial 
mode  ceramic  disc  resonators.  Both  the  series  and 
parallel  resonance  characteristics  of  the  resonator 
are  investigated,  and  frequency  characteristics  of 
the  equivalent  circuit  parameters  are  obtained. 


Then  a  new  equivqlent  circuit,  consisting  of  param¬ 
eters  of  constant  values,  is  considered  so  that  it 
is  usable  for  a  better  simulation  of  the  resonator 
impedance  over  a  wide  frequency  range  including 
the  series  and  parallel  resonance  frequencies. 
Applicability  of  the  new  circuit  configuration  is 
shown  by  measuring  the  circuit  parameters  on  vari¬ 
ous  resontors  having  different  values  of  piezoelec¬ 
tric  coupling  factor  kp  and  quality  factor  Q. 

Precise  measuring  method  of  equivalent 
circuit  parameters 

An  automatic  precise  measuring  system[2]  is 
shown  in  Fig.  2(a).  The  RF  output  signal  of  the 
Frequency  Synthesizer  is  led  to  the  Measuring  Cir¬ 
cuit  [3]  in  which  a  resonator  sample  is  inserted, 
and  the  values  of  the  voltage  trsnsfer  ratio  A  = 
|V2/Vj I  =  Rl/[Rl+z|  in  the  vicinity  of  the  series 
and  parallel  resonance  frequencies,  as  shown  in 
Fig.  2(b),  are  automatically  measured  at  a  number 
of  frequencies  of  equal  frequency  separation. 

Then  the  values  of  equivalent  circuit  parameters, 
series  resonance  frequency  fs  =  1/2iti/l1Ci  ,  parallel 
resonance  frequency  fp  =  fs/l+Ci/Co,  equivalent  se¬ 
ries  resistance  Ri  and  motional  inductance  Lj,  are 
determined  by  a  computer  data  processing  so  that 
the  frequency  characteristics  calculated  from  these 
values  give  the  best  agreement  with  the  measured 
data.  Other  parameters  Cj,  Q,  kp  and  Co  are  deter¬ 
mined  from  these  four  parameters  by  using  the  rela¬ 
tions:  Cj=  1/ [ (2nf s) 2L! ] ,  C0  =  Cj/Kfp/fg)2  -  1], 

Q  =  2nfsLi/Ri  and  l/kg  =  0/39Sfs/(fp-fs)  +  0.574 
(formula  for  kp[3]  for  Poisson's  ratio  of  0.30). 

In  the  data  processing  the  series  and  parallel 
resonance  frequencies  fs  and  fp  are  determined  by 
using  the  measured  data  in  the  vicinity  of  the  re¬ 
spective  resonance  frequencies.  While  the  equiva¬ 
lent  series  resistance  Rj  and  the  motional  induct¬ 
ance  L]  are  determined  by  using  the  measured  data 
in  the  vicinitv  of  either  the  series  or  the  naral- 
lel  resonance  frequencies,  and  the  best  simulations 
of  corresponding  either  the  series  or  parallel  res¬ 
onance  characteristics  of  the  resonator  are  obtain¬ 
ed. 

In  the  data  measurement  the  initial  calibra¬ 
tion  of  the  measuring  system  is  made  by  using  pre¬ 
cision  attenuator  so  that  the  systematic  errors 
produced  by  the  system  become  as  small  as  possible. 
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Using  this  measuring  method,  then,  the  equiv¬ 
alent  circuit  parameters  can  be  obtained  precisely 
without  personal  errors.  The  simulating  accuracy 
of  the  measured  data  by  the  equivalent  circuit 
parameters  can  be  estimated  in  terms  of  the  root 
mean  square  deviation  of  the  residual  differences 
between  the  calculated  and  measured  values  of  the 
voltage  transfer  ratio  AA/A. 


frequency  characteristics  of  the  equivalent 
circuit  parameters  between  the  series  and  parallel 
resonance  frequencies  can  be  obtained,  if  we  shift 
the  resonance  frequencies  fs  or  fp  to  new  resonance 
frequencies  f§  or  fp  by  connecting  a  capacitance  C 
of  a  known  value  in  series  or  in  parallel  with  the 
resonator,  and  measure  the  voltage  transter  ratio 
data  in  the  vicinity  of  either  one  of  the  new  res¬ 
onance  frequencies. 


Frequency  characteristics  of 
ceramic  resonator 


Measurements  have  been  made  on  a  radial  mode 
ceramic  disc  resontor  which  has  a  high  kp  of  60  % 
and  low  Q  of  100.  The  resonator  has  a  diameter  d  = 
18mm  and  a  thickness  t  =  3.15mm.  The  series  res¬ 
onance  frequency  fs  is  about  llOKHz.  It  has  been 
confirmed,  prior  to  the  data  measurements,  that  the 
value  of  the  voltage  transfer  ratio  does  not  change 
practically  over  the  Synthesizer  output  level  from 
-20dBm  to  OdBm,  then  the  output  level  has  been  set 
at  -15dBm  for  every  measurements  of  the  voltage 
transfer  ratio  data.  The  values  of  the  voltage 
transfer  racio  over  a  frequency  range  about  five 
times  as  wide  as  the  respective  MBgWldtiig^/rhe 
lead  resistances  of  5.10  ohmsand  574  ohms  have 
been  used  for  the  measurements  in  the  vicinity  of 
the  series  and  parallel  resonance  frequencies,  re¬ 
spectively. 


Fig.  3  shows  the  measured  data  together  with 
the  simulated  curve  by  using  the  commonly  used 
equivalent  circuit.  Parallel  resonance  data  have 
been  shown  in  the  form  of  1/A  =  |R[+z|/Rl  in  the 
figure.  When  the  equivalent  circuit  parameters 
were  determined  so  as  to  simulate  the  series  reso¬ 
nance  characterise '  s  t1'0  best,  it  was  found  that 
the  parallel  resoi  .aracteristics  calculated 

from  these  paramet,  .onsiderablly  differ  from  the 
measured  data  as  shown  in  Fig.  3(a).  In  the  paral¬ 
lel  resonance  the  Q  of  the  measured  data  is  much 
higher  than  that  of  the  calculated  one.  While  when 
the  parameters  were  determined  so  as  to  simulate 
the  parallel  resonance  characteristics  the  best,  a 
considerable  discrepancy  in  the  vicinity  of  the  se¬ 
ries  resonance  was  found  such  that  the  measured  Q 
is  much  lower  than  that  of  the  calculated  one. 
Comparing  the  each  parameters  which  have  been  ob¬ 
tained  in  the  above  described  two  ways,  it  has  been 
shown  that  the  value  of  Ri  which  is  obtained  so  as 
to  simulate  the  series  resonance  characteristics 
the  best  is  much  larger  than  the  one  obtained  in 
the  other  wiy.  While  all  the  reactance  parameters 
L ! ,  C ji  and  C0  are  practically  the  same,  respectively. 


Frequency  characteristics  of  the 
equivqlent  circuit  parameters 

In  the  previous  section  it  has  been  shown  that 
the  equivalent  resistance  in  the  series  resonance 
is  much  larger  than  the  one  in  the  parallel  reso¬ 
nance.  In  this  section,  then,  the  frequency  char¬ 
acteristics  of  the  equivalent  resistance  and  of  all 
the  reactance  parameters  over  the  frequency  range 
between  the  series  and  parallel  resonance  frequen¬ 
cies  have  been  investigated. 

Measurements  have  been  made  on  the  same  reso¬ 
nator,  and  the  frequency  characteristics  of  the 
equivalent  circuit  parameters  have  been  obtained 
as  shown  by  small  circles  in  Fig.  4.  Ic  has  been 
shown  that  the  value  of  the  equivalent  resistance 
parameter  decreases  as  the  frequency  increases, 
while  the  values  of  all  the  reactance  parameters 
are  practically  unchanged  by  the  frequency.  In  the 
measurement  it  has  been  checked  that  the  measured 
values  of  the  parameters  at  a  couple  of  frequencies 
in  both  methods  of  connecting  the  capacitance  C  in 
either  series  or  parallel  with  the  resonator  give 
a  good  agreement  each  other. 


A  new  equivalent  circuit 

In  this  section  a  new  equivalent  circuit  has 
been  considered  on  the  basis  of  the  fact  that  only 
the  equivalent  resistance  has  such  frequency  char¬ 
acteristics  as  investigated  in  the  previous  section. 

The  configuration  of  the  new  circuit  consists 
of  the  commonly  used  equivalent  circuit  and  another 
resistance  element  Rs  connected  in  series,  as  shown 
in  Fig.  1(b).  The  sum  of  the  values  of  the  resist¬ 
ance  elements  Rj  and  Rs  gives  the  resonator  resist¬ 
ance  at  the  series  resonance  frequency,  Ri(fs),  and 
the  value  of  Rj  gives  the  resonator  resistance  at 
the  parallel  resonance  frequency,  Rj(fp).  Con 
versely,  the  parameters  Rj  and  Rs  of  the  new  equiv¬ 
alent  circuit  can  be  determined  as  R]  =  Rj(fp)  and 
Rs  =  Ri(fs)  "  Rl (fp) - 

The  characteristics  of  the  resonator  resist¬ 
ance  calculated  by  using  the  new  equivalent  circuit 
parameters  have  been  shown  by  a  solid  curve  in  Fig. 
4(a).  The  difference  between  the  calculated  and 
the  measured  values  of  the  equivalent  resistance  is 
less  than  some  five  percent,  and  the  new  equivalent 
circuit  gives  a  good  agreement  with  the  measured 
resistance  characteristics  of  the  resonator. 

Both  the  series  and  parallel  resonance  charac¬ 
teristic!;  of  the  resonator  are  simultaneously  simu¬ 
lated  well,  as  shown  in  Fig.  3(c),  by  using  the  new 
equivalent  circuit. 


Applicability  of  the  new  equivalent  circuit 

In  order  to  consider  the  applicability  of  the 
new  equivalent  circuit,  the  relation  between  the 
configuration  of  the  new  circuit  and  the  dimensions 
of  the  resonator  has  been  investigated.  Relations 
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between  the  resistance  ratio  (Ri+Rs)/Ri  and  the 
parameters  which  represent  the  material  properties 
of  the  resonator  have  been  investigated  also. 

Measurements  have  been  made  on  Lesonators  hav¬ 
ing  different  diameters  and  thicknesses.  Fig.  5 
shows  the  measured  values  of  the  circuit  parameters. 
It  has  been  shown  that  the  parameter  Lj  is  not 
changed  by  the  diameter  d  of  the  resonator  but  is 
proportional  to  the  thickness  t,  while  both  the 
parameters  Ri  and  Rs  are  inversely  proportional  to 
d  (hence  proportional  to  the  resonance  frequencies 
f^)  JgZTfi  and  proportional  to  t.  Then  it  has  been 
confirmed  that  the  resistance  ratio  (Ri+Rs)/Ri  [  = 
Rj (fs)/Ri (fp)  ]  is  the  same  for  all  the  resonators 
of  different  d  and  t,  and  it  has  been  verified  that 
the  configuration  of  the  new  equivalent  circuit  is 
applicable  to  the  sample  resonato-s  which  have  an 
arbitrary  diameter  and  thickness. 

Measurements  have  been  also  made  on  various 
resonators  having  different  kp  in  the  range  from  15 
to  60  percent  and  different  Q  from  98  to  1030,  and 
it  has  been  shown  that  for  all  the  resonators  the 
resistance  ratio  Rj (f S)/Ri (fp)  is  larger  than  the 
unity,  being  in  the  range  from  1.05  to  1.42.  TABLE 
I  shows  the  measured  values  of  the  resistance  ratio 
of  a  few  typical  resonators  made  in  the  United 
States.  The  resistance  ratio  varies  with  the  mate¬ 
rial  property  of  the  resonator,  and  it  is  especial¬ 
ly  large  for  high  kp  and  low  Q.  These  measured 
values  of  the  resistance  ratio  of  all  the  resona¬ 
tors  used  for  the  measurement  have  been  rearranged 
in  terms  of  kp  as  shown  in  Fig.  6.  An  obvious  re¬ 
lationship  has  been  found  between  the  resistance 
ratio  and  kp,  such  that  the  resistance  ratio  is  es¬ 
pecially  large  for  kp  higher  than  some  50  percent. 
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Conclusions 


A  new  equivalent  circuit  has  been  considered 
so  that  it  is  usable  for  a  better  simulation  of  the 
impedance  charcteristics  of  the  radial  mode  ceramic 
disc  resonators. 

It  has  been  shown  that  the  new  circuit  is  ap¬ 
plicable  to  all  the  resonator  samples  of  arbitrary 
diameter  and  thickness.  The  resistance  ratio 
(Rl+Rs) / R j  is  larger  for  higher  piezoelectric 
coupling  factor  kp,  and  is  especially  large  for  kp 
higher  than  some  50  percent  for  various  resonator 
samples.  No  obvious  relationships  have  been  found 
between  the  resistance  ratio  and  the  measured  values 
of  tan6  of  the  resonators. 

From  the  physical  point  of  view  the  new  cir¬ 
cuit  has  such  a  configuration  as  the  one  taking  the 
dielectric  loss  into  account,  however,  it  is  not 
obvious  whether  the  new  equivalent  circuit  can  im¬ 
mediately  give  quantitative  informations  concerning 
the  dielectric  loss  of  ceramic  material. 
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(a)  (b) 

Fig.  1.  Equivalent  circuits  for  ceramic  resonators:  (a)  Commonly  used  circuit 

(b)  New  circuit  considered  in  this  paper  where  Rl=Rl(fp)  and  Rs=R^(fs)-R^(fp) . 


(a) 


(b) 


Fig.  2.  Automatic  measuring  system  of  equivalent  circuit  parameters  of  ceramic 
resonators(a)  and  characters-tics  of  the  voltage  transfer  ratio(b). 
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SERIES  RESONANCE 


PARALLEL  RESONANCE 


(a) 


Fig.  3.  Simulation  of  (a)  Che  series  or  (b)  the  parallel  resonance  characteristics 
by  using  the  commonly  used  equivalent  circuit  and  (c)  of  both  the  series 
and  parallel  resonance  characteristics  by  using  the  new  equivalent  circuit. 
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Fig.  4.  Frequency  characteristics  of  (a)  the  equivalent  series  resistance,  and  of 
(b)  the  reactance  parameters. 
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5.  Parameters  of  the  new  equivalent  circuit  (a)  versus  the  diameter  (or  versus 
the  resonance  frequency)  and  (b)  versus  the  thickness  of  a  set  of  radial  mode 
ceramic  disc  resonators.  The  resistance  ratio  (R,+R  )/P.  has  been  found  to  be 

l  t.n  x  S  i 


TABLE  I  Values  of  Hi(fs)  and  the  resistance  ratio  Ri(fs)/Ri(fp) 
of  a  few  typical  radial  mode  ceramic  disc  resonators. 
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Fig.  6.  Relationships  between  (R]+Rs)/Ri  and  kp. 
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Summary 

The  two  factors  that  greatly  influenced 
the  degree  of  etch  channel  formation  in  cul¬ 
tured  quartz  were  the  control  of  the  initial 
seed-crystal  interface  and  the  maintenance  of 
a  uniform  growth  rate  throughout  the  course  of 
a  run.  The  relative  change  in  both  of  these 
factors  can  be  obtained  from  the  analysis  of 
data  obtained  by  the  infrared  scanning  tech¬ 
nique.  By  controlling  both  of  these  fac¬ 
tors  an  eight  to  tenfold  reduction  in  etch 
channel  density  was  achieved  in  production 
vessels.  Average  etch  channel  densities  were 
found  to  be  118cm” 2  when  grown  from  sodium  hy¬ 
droxide  and  169cm_2  from  the  sodium  carbonate 
mineralizer.  The  use  of  electrically  swept 
quartz  as  seed  material  further  reduced  the 
etch  channel  density  by  seventeen  percent  in 
the  as-grown  bar. 

Introduction 

Alpha  quartz  has  been  employed  for  many 
years  as  crystal  oscillators  and  filters. 

More  recent  applications  for  a-quartz  include 
employment  as  high  Q  resonators  in  SAW  devices 
and  as  narrow  bandpass  optical  filters  in  the 
near  ultraviolet  region  of  the  spectrum.  As 
technologies  improve,  two  natural  developments 
occur.  One  is  the  better  utilization  of  com¬ 
ponent  materials  and  the  other  is  the  discovery 
of  new  potential  uses  for  component  parts. 

Both  of  these  developments  require  a  high  de¬ 
gree  of  reliability  in  the  component  materials 
employed.  The  component's  reliability,  in  this 
case,  a-quartz,  is  important  especially  with 
respect  to  the  reproducibility  of  its  desired 
physical  properties. 

A  present  and  continuing  application  for 
a-quartz  is  as  high  precision  and  high  fre¬ 
quency  resonators  possessing  good  mechanical 
strength.  It  is  important  to  be  able  to  con¬ 
fidently  process  a-quartz  into  resonators  that 
will  withstand  a  high  shock. 4  A  relative  meas¬ 
ure  of  ti.?  anticipated  mechanical  strength  of 
quartz  is  its  etch  channel  density.  Some  fac¬ 
tors  affecting  etch  channel  formation  in  hydro- 
thermally  grown  quartz,  on  a  laboratory  scale, 
was  presented  by  Barns  et  al.^  This  paper  con¬ 
tains  a  substantial  list  of  references  of  vari¬ 


ous  contributors  to  this  subject.  Hydrother¬ 
mal  growth  and  characterization  data  on  a- 
quartz  have  recently  been  published  by  a  num¬ 
ber  of  investigators*>-9  utilizing  sodium  hy¬ 
droxide  as  the  mineralizer  and  by  Chakraborty 
and  SahalO>H  in  the  sodium  carbonate  system. 

The  objective  of  this  investigation  was 
the  correlation  of  etch  channel  density  to 
process  variables  and  their  control  on  a  pro¬ 
duction  basis.  The  variables  studied  during 
this  investigation  were  the  nature  of  the 
mineralizer,  the  thermal  gradient,  nutrient 
source  and  seed  preparation  techniques. 

Experimental 

Growth  runs  were  conducted  in  regular 
steel  autoclaves  with  inside  diameters  equal 
to  or  greater  than  ten  inches  in  the  produc¬ 
tion  vessels  and  four  inches  in  the  experi¬ 
mental  vessels.  All  vessels  were  instrumen¬ 
ted  in  similar  fashion  and  were  monitored 
and  controlled  by  an  on-line  process  control 
computer. 

The  typical  mineralizer  concentrations 
employed  during  this  study  were  between  0.5 
to  1.0  molal.  Thermal  gradients  between  the 
crystallization  and  nutrient  zones  were  var¬ 
ied  from  2°  to  50°C.  Two  types  of  a-quartz 
nutrient  were  employed:  natural  and  cultured. 
The  cultured  a-quartz  nutrient  used  was  nat¬ 
ural  quartz  recrystallized  hydrothermally. 

Only  0°X  seeds  were  employed  and  all  seeds 
were  inspected  between  crossed  polarizers  to 
be  certain  they  were  of  uniform  quality.® 

In  addition  to  the  regularly  processed  0°X 
seeds  used  during  this  investigation,  other 
seed  material  was  electrically  swept!2-17  and 
these  swept  0°X  seeds  were  then  placed  in 
selected  growth  runs  for  direct  comparison 
with  regular  0°X  seeds.  The  sweeping  arrange¬ 
ment  employed  was  modeled  after  that  described 
by  Lipson  et  al.^  The  electric  field  was 
varied  becween  2-5  KV/cm  and  was  applied  in 
the  Z  direction.  Gold  plated  electrodes  were 
used  and  the  furnace  temperature  was  main¬ 
tained  at  500°C  +0.5°C. 

Q  values  were  determined  by  the  infrared 
absorption  technique  utilizing  the  3800  and 
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3500cm“l  wavenumbers. ^  Two  spectrophotometers 
were  employed  for  these  measurements,  a  Perkln- 
Elmer  457  and  a  Beckman  ACTA  MIV.  Typically, 
a  2mm  round  aperture  was  used  when  scanning 
various  sections  of  a  quartz  Y-cut  slice.  Each 
slice  was  mechanically  polished  to  at  least  a 
3pm  finish  on  a  P.R.  Hoffman  planetary  lapping 
machine  before  infrared  measurements  were  made. 

Etch  channel  densities  were  determined  on 
slices  cut  approximately  parallel  to  the  AT 
plane.  These  slices  were  adjacent  cuts  from 
the  same  bars  utilized  for  their  respective  Q 
determinations.  All  samples  were  etched  for 
two  hours  at  75°C  in  a  saturated  ammonium  bi- 
fluorlde  solution.  Each  etched  sample  was  then 
viewed  under  30X  magnification  and  etch  channel 
counts  were  made.  At  least  eight  different 
cm  x  cm  areas  were  counted  per  sample.  The 
etching  arrangement  was  similar  to  that  de¬ 
scribed  by  Vig  et  al.^1 

Results  and  Discussion 

Growth  data  were  collected  from  a  series 
of  consecutive  hydrothermal  runs  utilizing 
NaOH  as  the  mineralizer.  All  these  runs  were 
conducted  in  the  same  production  vessel  oper¬ 
ated  under  identical  conditions  with  only  the 
thermal  gradient  and  nutrient  source  being 
varied.  These  data  are  shown  in  Figure  1. 

The  bars  sectioned  and  analyzed  for  these  data 
were  located  in  identical  positions  in  all  the 
runs  listed  here.  The  second  column  lists  the 
average  Q  values  determined  from  the  infrared 
absorption  data  obtained  on  pclishel  Y-cut 
samples.  All  slices  were  scanned  along  the 
Z  axis.  The  third  column  lists  the  average 
thermal  gradient  recorded  and  controlled  dur¬ 
ing  each  run.  An  average  value  is  listed  here 
because  it  was  necessary  to  program  the  tem¬ 
perature  in  order  to  maintain  a  uniform  growth 
rate  throughout  the  run.  The  thermal  gradient 
during  growth  was  not  varied  more  than  15%  from 
the  value  listed  for  that  run.  The  last  column 
lists  the  nutrient  source  used  in  each  run.  To 
the  right  of  each  set  of  data  are  portions  of 
the  3500cm-l  infrared  scar,  recorded  or.  identi¬ 
cal  samples  from  these  runs.  These  infrared 
scan  portions  show  the  central  area  of  each  Y- 
cut  slice  containing  the  original  0°X  seed  em¬ 
ployed  for  growth.  These  scan  portions  are  to 
scale  and  reflect  the  actual  differences  be¬ 
tween  and  among  them.  As  the  average  thermal 
gradient  was  lowered,  an  improvement  in  the  seed- 
crystal  interface  occurred.  This  improvement 
can  be  followed,  at  least  qualitatively,  by 
observing  the  decrease  in  disruption  when  scan¬ 
ning  the  Y-cut  slice  through  the  original  seed. 
The  areas  under  the  curves  for  runs  563  and  594 
were  approximately  three  times  the  area  shown 
for  622  and  seven  times  that  shown  for  X95.  It 
should  also  be  noted  that  the  Q  value  listed 
does  not  reflect  this  change  in  the  seed-crystal 
interface.  The  data  do  show  an  improvement  in 
Q  occurs  when  cultured  nutrient  is  employed. 

The  second  factor  that  influenced  the  etch 


channel  density  in  a-quartz  was  the  maintenance 
of  a  uniform  growth  rate  throughout  the  run. 

The  uniformity  of  growth  can  also  be  followed 
by  further  analysis  of  infrared  scan  data. 

Figure  2  compares  3500cm“l  scan  data  on  three 
different  polished  Y-cut  slices.  These  slices 
were  cut  from  large  pure  Z  bars  grown  from  the 
sodium  hydroxide  mineralizer.  The  run  number 
and  Z  dimension  of  the  Y-cuts  are  shown  with 
each  scan  segment.  The  large,  almost  parabolic, 
disruption  near  the  center  of  eacn  lean  segment 
is  the  seed.  In  run  577  three  thermal  setpoint 
changes  were  made.  Two  of  these  step  changes 
are  designated  by  the  letters  A  and  B.  With 
these  thermal  event  markers  in  the  grown  bar  it 
is  possible  to  check  the  calculated  growth  rate 
with  the  actual  growth  rate  during  this  segment 
of  the  growth  cycle.  The  calculated  growth  rate 
is  obtained  by  measuring  the  external  Z  dimen¬ 
sion,  subtracting  the  original  seed  thickness 
and  then  dividing  by  the  length  of  the  run  in 
days.*®  In  run  577,  the  calculated  growth  rate 
was  measured  to  be  39  mils/day.  Utilizing  this 
growth  rate  value  one  would  have  anticipated 
156  mils  or  approximately  4mm  between  thermal 
setpoint  changes  A  and  B.  The  actual  value 
measured  was  110  mils  and  is  shown  in  Figure  2. 
This  value  indicates  that  the  actual  growth  rate 
in  this  portion  of  the  run  would  be  0.70  times 
that  of  the  calculated  growth  rate.  Another 
feature  that  should  be  noted  is  the  time  required 
for  the  thermal  setpoint  changes  to  abate.  The 
fact  that  one  thermal  setpoint  change  has  inter- 
ferred  with  another  is  an  indication  of  sluggish¬ 
ness  in  the  reaction  kinetics  in  this  particular 
system  at  this  point  in  time.  The  final  point 
to  be  made  is  that  better  scanning  symmetry  is 
evident  when  better  thermal  programming  is  em¬ 
ployed.  In  577,  the  asymmetry  between  the  two 
Z  regions  separated  by  the  seed  is  quite  notice¬ 
able.  This  asymmetry  is  an  indication  of  a  non¬ 
uniformity,  radially,  in  the  thermal  environment. 
The  thermal  gradient  in  run  577  was  50°C  whereas, 
for  both  599  and  675  the  average  gradient  was 
40°C.  In  the  latter  two  scan  segments  shown  in 
Figure  2,  the  thermal  setpoint  changes  were  pro¬ 
grammed  and  resulted  in  calculated  growth  rates 
of  37.3  and  36.3  mils/day. 

Another  measure  of  growth  uniformity  is  the 
size  distribution  of  grown  bars  in  a  vessel. 

The  size  distribution  reflects  the  degree  of 
thermal  uniformity  in  the  crystallization  zone. 
Table  1  shows  the  size  variations  of  as-grown 
bars  within  and  between  the  top  and  bottom  tiers 
in  run  X95.  Standard  deviations  were  calculated 
for  each  dimension.  The  average  Q  value  was 
determined  from  infrared  absorption  measurements. 
A  AZ  of  78  mils  (1.98mm)  was  found  between  the 
top  and  bottom  tiers  with  an  average  deviation 
of  33  mils  (0.84mm)  within  a  tier. 

For  comparison  with  these  growth  rate  data, 
runs  were  also  conducted  employing  static  ther¬ 
mal  setpoints  throughout  the  length  of  the  run. 
These  data  were  gathered  from  our  experimental 
vessel  prejram  and  some  of  these  data  are  shown 
in  Table  2.  In  this  run  natural  a-quartz  nutri- 
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ent  was  employed,  as  well  as,  regularly  pro¬ 
cessed  0°X  seeds.  In  this  table,  Tc  is  the 
crystallization  temperature  jmd  Tn  the  nutri¬ 
ent  temperature.  The  X  and  Z  growth  rates  were 
calculated  from  end-run  measurements  of  the  di¬ 
mensions  of  all  the  as-grown  bars.  Q  values 
were  calculated  from  the  infrared  absorption 
measurements  made  at  3800cm-^  and  3500cm"l  on 
the  polished  Y-cut  slices.  Since  no  thermal 
event  marker  is  present  in  this  run,  the  only 
indication  of  a  change  in  growth  rate  is  the 
change  in  Q  during  the  course  of  the  run.  In 
the  series  of  runs  performed  with  fixed  thermal 
setpoints,  the  minimum  Q  invariably  occurred 
early  in  the  run. 

Figure  3  is  a  photomicrograph  of  a  mechan¬ 
ically  polished  and  etched  Y-cut  slice  grown  in 
the  sodium  carbonate  mineralizer  utilizing  fixed 
thermal  setpoints.  This  figure  illustrates  that 
etch  channels  can  originate  at  the  seed-crystal 
interface,  as  well  as,  further  out  in  the  grown 
material.  The  two  parallel  lines  in  the  center 
of  the  photomicrograph  are  the  outer  boundaries 
of  the  original  seed  used  in  this  run.  The 
etch  channels  are  seen  as  white  lines,  some  of 
which  are  so  close  together  that  they  appear  to 
be  a  larger  white  area. 

The  reduction  in  etch  channel  densities  by 
controlling  the  seed-crystal  interface  and 
maintaining  a  uniform  growth  rate  are  shown  in 
Tables  3  and  4.  These  tables  compare  the  aver¬ 
age  etch  channel  densities  and  their  standard 
deviations  on  sample  bars  grown  in  both  miner¬ 
alizers.  The  run  numbers  listed  for  the  hy¬ 
droxide  mineralizer  data  coincide  with  those 
employed  for  demonstrating  the  relationship  be¬ 
tween  the  seed-crystal  interface  and  the  ther¬ 
mal  gradient  in  Figure  1.  One  additional  run 
was  added  to  these  namely,  533.  The  growth 
rate  data  listed  in  these  two  tables  are  aver¬ 
age  calculated  rates  determined  from  end-run 
dimensions.  The  Q  values  listed  in  both 
tables  are  average  values  calculated  from 
their  respective  infrared  absorption  measure¬ 
ments.  Etch  channel  densities  were  determined 
on  slices  cut  approximately  parallel  to  the  AT 
plane.  In  Table  3,  a  relative  reduction  in 
etch  channel  density  of  8.5X  occurred  while  in 
Table  A  a  reduction  of  10X  was  obser\  ■'d.  The 
sodium  hydroxide  mineralizer  data  show  no  cor¬ 
relation  between  either  the  calculated  growth 
rate  and  etch  channel  density  or  between  the 
average  Q  and  the  etch  channel  density. 

A  series  of  samples  with  relatively  low 
etch  channel  densities  were  analyzed  for  their 
respective  iron  and  aluminum  levels  (Table  5) . 
These  samples  were  randomly  selected  from  re¬ 
cent  production  runs  without  regard  to  a  par¬ 
ticular  set  of  PT  conditions  or  mineralizer. 

The  etch  channel  densities  were  determined  by 
the  procedure  listed  in  the  experimental  sec¬ 
tion.  Impurity  levels  were  determined  by  ion 
microprobe  and  are  in  weight  percent.  These 
impurity  analyses  were  performed  on  sample 
sections  prior  to  any  etching  of  these  sec¬ 


tions.  The  first  column  lists  the  mineral¬ 
izer  employed  during  growth  and  the  state  of 
the  sample  used  for  the  data  determined  in  the 
following  columns.  The  letter  (A)  denotes 
that  the  electrically  swept  hydroxide  sample 
was  a  section  from  the  same  as-grown  hydroxide 
bar  marked  with  that  letter.  Minimum  Q  values 
were  determined  as  previously  described. 

These  values  were  the  lowest  ones  determined 
when  scanning  completely  across  the  Z  region 
of  the  Y-cut  slice.  In  all  samples  +.060 
inches  from  the  seed  center  was  eliminated  for 
this  minimum  Q  determination.  Inspection  of 
these  data  show  that  the  impurity  uptake  of 
iron  and  aluminum  in  the  as-grown  bars  was 
essentially  equivalent  regardless  of  the  min¬ 
eralizer.  Also,  no  change  in  either  the  im¬ 
purity  levels  or  Q  min  was  found  between  the 
as-grown  and  electrically  swept  (A)  samples. 

All  bars  analyzed  in  this  table  were  grown 
utilizing  natural  quartz  nutrient  and  regu¬ 
larly  processed  0°X  seeds.  No  correlation 
is  readily  discernible  between  these  substi¬ 
tutional  impurities,  at  these  levels,  and 
their  respective  etch  channel  densities.  How¬ 
ever,  a  significant  reduction  in  etch  channel 
density  does  occur  upon  electrically  sweeping 
without  apparently  affecting  the  iron  or  alu¬ 
minum  level  in  the  bar. 19  Most  of  the  as- 
grown  bar  data  in  this  table  are  included  in 
Table  6  which  compares  a  wider  distribution 
of  randomly  selected  bars  grown  in  both  min¬ 
eralizers  utilizing  natural  quartz  as  the 
nutrient.  Regularly  processed  0°X  cultured 
a-quartz  seeds  and  electrically  swept  0°X  seeds 
were  employed.  This  table  compares  the  etch 
channel  density  with  minimum  Q  for  various  a- 
quartz  samples.  The  top  section  of  this  table 
lists  data  gathered  on  various  samples  examined 
from  bars  grown  in  NaOH;  the  middle  section 
lists  data  gathered  from  bars  grown  in  Na2C03 
and  the  bottom  section  compares  etch  channel 
densities  among  bars  grown  in  the  same  hydro- 
thermal  run  utilizing  different  seed  prepara¬ 
tion  techniques. 

The  average  etch  channel  density  for  all 
hydroxide  grown  bars  listed  in  the  top  third 
of  this  table  is  118  +69cm-2.  This  average  ex¬ 
cludes  the  swept  seed  result.  In  the  carbonate 
mineralizer  group,  also  excluding  the  swept 
seed  result,  the  average  etch  channel  density 
was  found  to  be  169  +158cm-2.  In  both  of  these 
cases  it  would  appear  that  the  etch  channel 
density  of  swept  seeds  was  greater  than  that  of 
regularly  processed  0°X  seeds.  However,  when  a 
direct  comparison  is  made  between  swept  and  un¬ 
swept  seeds  in  the  same  hydrothermal  run,  the 
etch  channel  density  was  found  to  be  approxi¬ 
mately  seventeen  percent  lower  in  the  swept 
seeds.  These  data  are  shown  in  the  bottom 
third  of  Table  6.  The  letters  T  and  B  denote 
that  those  bars  examined  were  taken  from  the 
top  and  bottom  tiers  in  that  growth  run.  These 
two  bars  were  in  identical  positions  within 
their  respective  tiers.  The  swept  seeds  were 
interspersed  in  the  top  four  tiers  of  that  run. 
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Conclusions 

The  results  of  this  investigation  have 

9. 

Asahara,  J.  and  Taki  S.,  Proc.  26th  Annual 
Freq.  Control  Symposium,  117  (1972). 

demonstrated  that  the  quality  and  perfection  of 
hydrothermally  produced  a-quartz  are  considera¬ 
bly  affected  by  both  the  initial  seed-crystal 

10. 

Chakraborty,  D.  and  Saha,  P.,  Indian  J. 

Phys.  48  439  (1974). 

interface  and  the  maintenance  of  a  uniform 
growth  rate.  The  relative  change  or  the  de¬ 
gree  of  improvement,  with  respect  to  etch 

11. 

Chakraborty,  D.  and  Saha,  P.,  Indian  J. 
of  Technology,  U.  No.  3  127  (1973). 

channel  formation,  can  be  followed,  at  least 
qualitatively,  through  the  analyses  of  infra¬ 
red  scan  data.  The  data  gathered  during  this 

12. 

King,  J.C.,  Proc.  13th  Annual  Freq.  Control 
Symposium,  1  (1959). 

study  showed  that  the  nature  of  the  mineralizer 
and  the  nutrient  source  had  little  effect  upon 
the  etch  channel  density  compared  to  the  ther¬ 

13. 

Dodd,  D.M.  and  Fraser,  D.B.,  J.  Chem.  Phys. 
Solids,  26,  673  (1965). 

mal  gradient.  The  change  in  etch  channel  den¬ 
sity  between  swept  and  unswept  quartz  did  not 
correlate  to  either  a  change  in  the  substitu¬ 

14. 

Brown,  R.N.  and  Kanan,  A.,  J.  Phys.  Chem. 
Solids,  36,  467  (1975). 

tional  cation  level  or  the  minimum  Q  of  the 
material.  However,  electrically  swept  seeds 
did  furhter  lower  this  density  by  approxi¬ 

15. 

Koehler,  D.R. ,  Proc.  33rd  Annual  Freq.  Con¬ 
trol  Symposium,  118  (1979). 

mately  17%. 
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TABLE  1  -  COMPARISON  '"'F  AVERAGE  GROWTH  DIMENSIONS  AND  0  IN  RUN  X95 
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Run  # 

RD-17 

G.R.  Z(mil/dav) 

18.1 

Mineral. 

Na2C03 

G.R.  Z (mil /day) 

29.0 

%  Fill 

75 

Z/Z 

.624 

Tc  (°C) 

333 

$min(xlO-6) 

1.804 

/*s 

O 

o 

335 

Omax(xlO~6) 

2.567 

KPS  I 

8.5 

4§  (xlO-6) 

.763 

TABLE  2  -  TYPICAL  Q  VARIATION  UNDER  STATIC  THERMAL  SETPOINT  CONDITIONS 


FIGURE  3  -  PHOTOMICROGRAPH  OF  ETCHED  Y-CUT  ct-QUARTZ  (6X) 


Run  No. 

Growth  Rate 
(mils/day) 

fJxlO-6 

Channel  Density 
(cm-*) 

533-16 

19.4 

2.7 

848+339 

563-16 

22.1 

2.3 

893+360 

594-16 

24.5 

2.9 

903+372 

622-16 

22.6 

2.4 

543+175 

X95-16 

22.8 

2.2 

107+  26 

TABLE  3  -  COMPARISON  OF  ETCH  CHANNEL  DENSITIES  WITH  SELECTED  FACTORS  IN 
HYDROXIDE  MINERALIZER 
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TABLE  4 


COMPARISON  OF  ETCH  CHANNEL  DENSITIES  WITH  SELECTED  FACTORS  IN 
CARBONATE  MINERALIZER 


Sample  Description 

Etch  Channel  p  (cm-^) 

Fe(ppm) 

Al(ppm) 

Qmin  xlO^ 

Hydroxide  - 

as  grown 

33 

6 

10 

1.441 

Hydroxide  - 

as  grown 

175 

6 

8 

1.672 

Hydroxide  - 

as  grown  (A) 

95 

6 

10 

2.100 

Carbonate  - 

as  grown 

140 

5 

10 

1.884 

Carbonate  - 

swept 

5 

5 

3 

2.300 

Hydroxide  - 

swept  (A) 

5 

6 

10 

2.100 

TABLE  5  -  COMPARISON  AMONG  ETCH  CHANNEL  DENSITIES,  0  AND  SUBSTITUTIONAL 
IMPURITY  LEVELS  IN  a-OUARTZ 


Description 

Minimum  Q  (xlO^) 

Channels (cm-2) 

Hydroxide  -  regular  seed 

1.441 

33 

Hydroxide  -  regular  seed 

1.672 

175 

Hydroxide  -  regular  seed 

2.000 

95 

Hydroxide  -  regular  seed 

2.500 

85 

Hydroxide  -  regular  seed 

1.410 

202 

Hydroxide  -  swept  seed 

1.441 

175 

Carbonate  -  regular  seed 

1.940 

474 

Carbonate  -  regular  seed 

1.884 

140 

Carbonate  -  regular  seed 

2.720 

42 

Carbonate  -  regular  seed 

1.315 

135 

Carbonate  -  regular  seed 

1.613 

54 

Carbonate  -  swept  seed 

1.633 

300 

Hydroxide  -  swept  seed 

1.441 

175 

Hydroxide  -  regular  seed  T 

1.410 

202 

Hydroxide  -  regular  seed  B 

1.410 

220 

TABLE  6  -  COMPARISON  OF  ETCH  CHANNEL  DENSITIES  WITH  MINIMUM  Q  FOR  VARIOUS 
a-QUARTZ  SAMPLES 
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RADIATION  EFFECTS  IN  QUARTZ  OSCILLATORS,  RESONATORS  AND  MATERIALS 


Ferdinand  Euler,  Herbert  G.  Lipson  and  Paul  A.  Ligor 

Rare  Air  Development  Center 
Deputy  for  Electronic  Technology 
Hanscam  AFB,  MA  01731 


Summary 

A  number  of  different  quartz  growing  and  sweep¬ 
ing  processes  have  been  evaluated  for  radiation  sen¬ 
sitivity,  utilizing  measurements  of  oscillator  fre¬ 
quency,  resonator  transient  resistance,  acoustic 
loss  and  infrared  inpurl ty  spectra.  Considering 
all  aspects  of  ejected  ionizing  radiation  effects, 
swept  Premiun-Q  or  equivalent  is  the  recommended 
ccmnercially  available  quartz  with  the  lowest  sen¬ 
sitivity  to  radiation.  Any  quartz  containing  even 
traces  of  sodiun  inpurity  should  be  rejected.  Swee¬ 
ping  quartz  will  effectively  eliminate  alkali  inpur¬ 
ity,  and  reduce  short -tenn  transients  and  permanent 
frequency  offset.  Slow  growth  with  lithium  salt 
added  to  the  mineralizer  reduces  radiation-induced 
drift  rate  changes.  Even  with  high  quality  swept 
quartz,  there  is  at  least  an  order  of  magnitude  var¬ 
iation  in  the  radiation-induced  steady-state  fre¬ 
quency  offset.  Our  results  are  consistent  with  the 
radiation  response  of  the  three  principal  aluminum 
related  defect  centers,  Al-M  ,  A1-0H  and  Al-e  , 
but  these  do  not  account  for  all  of  the  observed 
effects . 

Key  words:  Quartz  Oscillators,  Resonators, 
Radiation  Effects,  Acoustic  Losses,  Premiun-Q, 
Infrared  Spectra,  Irrpurity  Bands,  Defect  Centers. 

Introduction 

In  this  paper  we  present  additional  results  on 
the  effects  of  ionizing  radiation  on  crystal  oscil¬ 
lators,  resonators,  j^a^d  quartz.  As  reported  in  pre¬ 
vious  publications,  -*  it  is  our  objective  to  char¬ 
acterize  the  radiation  response  of  high-grade  quartz, 
and  to  detenu.- ne  material  processing  procedures  nec¬ 
essary  to  satisfy  stringent  military  requirements 
for  high  stability  frequency  standards.  At  the 
same  time  it  is  our  desire  to  elucidate  the  mecha¬ 
nisms  responsible  for  observed  radiation  effects. 

The  phenomenological  model  utilized  in  inter¬ 
preting  data  on  eiectrodiffused  (swept)  or  irradi¬ 
ated  quartz  involves  an  aluminum  inpurity  substitu¬ 
tional  for  silicon  in  riie  Si02  lattice.  A  recent 
extensive  review  of  this  model  has  been  given  by  L. 
Halliburton  at  this  Symposium  ,  and  we  will  outline 
only  the  highlights. 

Trivalent  aluminum  (A13t)  ,  and  possibly  iron 
(Fe3+),  is  incorporated  substitutional ly  in  silicon 
(Si^r)  sites.  Monovalent  ions,  H“:',  Li’’',  Na+,  and 


K":'  tend  to  be  interstitial  near  the  trivalent  ion 
to  maintain  charge  neutrality.  Charge  compensation 
can  also  be  provided  by  a  hole  trapped  at  an  oxygen 
site.  The  impurity  and  its  compensator  gives  rise, 
to  aluminum-hydroxide  (Al-OH-),  aluninum-mctal  (Al- 
M*),  and  aluminum-hole  (Al-e+)  defect  centers. 

As  grown,  synthetic  quartz  contains  Al-M'* , 
with  Al-Na*  as  the  dominant  defect  center.  Lithium 
salt  added  to  the  mineralizer  during  crystal  growth 
inhibits  the  formation  of  Al-Na1 ,  and  presumably 
forms  Al-Li.  Sweeping  quartz  in  air  dissociates 
A1-Mt  and  forms  Al-OH-.  Irradiating  unswept  quartz 
at  room  temperature  or  above  also  converts  Al-M+ 
into  A1-0H~  and  Al-e*  centers.  The  factors  con¬ 
trolling  the  concentration  ratio  of  those  new  cen¬ 
ters  are  unclear.  Irradiating  swept  samples  at 
rocm  temperature  and  above  may  create  additional 
defect  species  or  change  the  ratio  of  Al-OH  and 
Al-e+  concentration. 

Hie  Al-OH-  center  can  be  experimentally  ob¬ 
served  in  the  infrared  at  3306  and  3366  an”  .  The 
Al-e+  carter  is  EFR  active,  whereas  same  AlrM* 
centers  chow  anelastic  loss  peaks  in  the  Q-1  spec¬ 
trum  of  resonators  as  a  function  of  temperature. 
Specifically,  the  loss  peak  near  50  K  is  attributed 
to  Al^Na-5 .  The  identification  of  Q”1  peaks  with 
Al-Li  and  Al-K+  is  not  as  clearcut .  There  is  also 
indication  that  a  broad  maximum  observed  at  approx¬ 
imately  100  K  may  be  attributed  to  Al-e*. 

Our  measurement  techniques  include:  (1)  lew 
temperature  infrared  spectroscopy  before  and  after 
sweeping  and  irradiating  quartz,  (2)  Q  1  of  resona¬ 
tors  as  a  function  of  tenperature  before  and  after 
ionizing  irradiation,  and  (3)  transient  and  permanent 
oscillator  frequency  offsets  as  a  function  of  irra¬ 
diation.  During  the  last  year  we  have  expanded  our 
data  base  to  include  almost  all  commercially  available 
hich  quality  quartz,  sweeping  techniques,  and  preci¬ 
sion  resonator  fabrication  procedures. 

The  main  difficulties  in  identifying  the  mech¬ 
anisms  responsible  for  observed  radiation  effects 
in  oscillators  are  that:  (1)  the  specific  radiation 
responses  of  Al-OH-  and  Al-e+  have  not  been  sepa¬ 
rated,  (2)  there  is  no  direct,  sufficiently sensi¬ 
tive  measurement  technicjue  to  monitor  Al-Liv,  and 
(3)  there  are  indications  of  additional  unidentified 
sweeping-and  radiation-induced  defect  centers. 
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Experimental  Procedures 

We  report  results  on  Premium-Q,  Hich-Q,  and 
Electronic  Grade  synthetic  ccmnercial  quartz.  Elec¬ 
tronic  Grade  material  was  obtained  from  Bliley, 
Motorola,  and  Western  Electric.  Premiun-Q  and  Hic^i- 
Q  quartz  was  grown  at  Sawyer  Research  Products  (SARP) 
by  the  same  process,  except  that  for  Premiun-Q  lith- 
iun  salt  was  added  to  the  mineralizer.  We  evaluated 
six  different  sweeping  processes:  SARP  I,  SARP  II, 
Bliley,  and  sweeping  in  air,  vacuum,  or  dried  nitro¬ 
gen  antoient.  In  addition,  Li+,  Na+,  and  K+  ions 
were  introduced  by  electrodiffusion  into  swept  Pre¬ 
miun-Q  quartz.  Precision  5  MHz,  5th  overtone,  AT 
cut  quartz  resonators  were  fabricated  from  these 
materials  by  Bliley  Electric  Co.  and  Frequency 
Electronics,  Inc.  (FEI).  Table  I  presents  an  up¬ 
dated1  pedigree  of  these  resonators. 

The  measurement  and  irradiation  procedures  in- 
volved„in  our  investigations  have  been  described 
before2’4  and  are  briefly  surmarized  here.  The 
resonator  region  of  the  oscillator  test  bed  was 
irradiated  with  10  MeV  electrons  to  a  total  dose  of 
1  Mrad.  After  each  exposure  the  oscillator  fre¬ 
quency  was  measured  together  with  the  oven  control 


Table  I.  Resonator  identification  and  pedigree. 


resonator  series 
Bliley  FEI 

growth 

bar 

refs 

BE 

B 

SARP 

A  6-24 

A4I 

2-4 

24334 

SARP 

A14-23 

C7C 

2-4 

BA 

E.F 

SARP 

A14-27 

2-4 

BB,BC,BI 

SARP 

A14-27 

4 

I 

SARP 

A14-27 

PI 

2,3 

K 

SARP 

A14-27 

02 

BF.BH 

R 

SARP 

D14-45 

4 

BD 

G 

SARP 

D14-45 

39a 

2,4 

BG 

N 

SARP 

D14-45 

10b 

4 

L,M 

SARP 

D14-45 

Ea,b 

EA,EB,EC  SARP 

D14-45 

2a, b 

T 

SARP 

E42-21 

19a 

U 

SARP 

E42-21 

18b 

BNn , BNns 

P.Q 

Bliley 

A12-35 

QNU1 

1,2 

BNc,BNcs,BJ 

Bliley 

A  1-35 

QCU1 

BLn,BLns,BK 

Bliley 

A  4-42 

QNL1 

BLc,BLcs,BL 

Bliley 

A  2-33 

QCL1 

1,2 

C,H,J 

Motorola 

176-16 

MH1 

1,2 

FD.EE 

W.E. 

R-face 

20 

1 

Table  II.  Steady-state  fractional  frequency  offset  Af/f  after  1  Mrad  Irradiation. 


quartz  growth 

resonator 

series 

ant 

offset 

Legend 

and  sweeping 

Bliley 

Itlf 

FEI 

Af/f 

G  M 

A 

N 

S 

pp  lCr 

pp  10^ 

G 

quartz  grade 

E  OH 

Li 

n 

- 

ED 

+1370 

E 

Electronic  Grade 

E  C 

- 

n 

- 

+7330 

HQ 

High-Q 

E  C 

- 

c 

- 

mm 

+1560 

PQ 

Premium-Q 

E  C 

Li 

n 

- 

+26 

E  C 

Li 

c 

- 

ns 

+280 

M 

mineralizer 

HQ  C 

- 

c 

- 

T 

+1650, +1400* 

OH 

NaOH 

PQ  C 

Li 

c 

- 

I 

+26*,  +23* 

C 

Na2C03 

PQ  C 

Li 

c 

- 

BD 

-31 

G 

-5* 

a 

E  Oi 

Li 

n 

R 

EE 

-24 

A 

additive  to  mineralizer 

E  OH 

Li 

c 

R 

H;J 

-78;  -70 

- 

none 

E  C 

- 

n 

B 

BNns 

-200* 

Q 

-66 

a 

Li 

lithium  salt 

E  C 

- 

n 

R 

(300  krad) 

P 

-29 

E  C 

- 

c 

B 

BNcs 

-80 

N 

nutrient 

E  C 

- 

c 

R 

BJ 

+30 

n 

natural  (lascas) 

E  C 

Li 

n 

B 

BLns 

-58 

c 

cultured  (synthetic) 

E  C 

Li 

n 

R 

BK 

-54 

E  C 

Li 

c 

B 

BLcs 

-20* (300  krad) 

s 

sweeping  process 

E  C 

Li 

c 

R 

BL 

-38 

B 

Bliley 

HQ  C 

“ 

c 

II 

U 

-10 

R 

RADC/ES  (dried  N2  ambient) 

PQ  C 

Li 

c 

I 

BE 

KU<1 

B 

•270  to  -420* 

a 

I 

SARP  I 

PQ  C 

Li 

c 

I 

BB 

-34 

R 

-6,  -20 

II 

SARP  II 

PQ  C 

Li 

c 

II 

BF;BC 

-20; 

-84* 

K 

-21 

Sa 

Sandia  Labs.,  air  ambient 

PQ  C 

Li 

c 

II 

BG 

+7 

N 

-12 

a 

Sv 

Sandia  Labs.,  in  vacuum 

PQ  C 

Li 

c 

R 

BK;BI 

+12; 

+8 

PQ  C 

Li 

c 

Sa 

E 

-30*,  -40* 

* 

10  MeV  electron  irradiation 

PQ  C 

Li 

c 

Sa 

L 

-11 

(all  others  ^Co) 

PQ  C 

Li 

c 

Sv 

BA 

-250, 

-325 

F 

-8*,  -20* 

b 

a 

resonators  come  from  the  same 

PQ  C 

Li 

c 

Sv 

M 

-40 

bar 

PQ  C 

Li 

c 

R 

doped  with  Li 

EA 

-35,  -41 

b 

BA  and  F  cut  from  same  stone 

PQ  C 

Li 

c 

R 

doped  with  Na 

EB 

but  swept  in  different  runs 

PQ  C 

Li 

c 

R 

doped  with  K 

EC 

+4,  -515 

c 

c 

presence  of  K  uncertain 
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and  AGC  voltages.  Resonator  resistance  changes 
uere  calculated  fran  the  AGC  voltage.  Post  irra¬ 
diation  frequency  drift  was  measured  for  periods 
ranging  from  4  days  to  several  weeks.  Quartz  sam¬ 
ples  and  resonators  were  also  irradiated  with  ^Co 
gamma  rays.  Resonator  Q  was  obtained  as  a  function 
of  temperature,  between  4.5  and  420  K.  For  infra¬ 
red  spectroscopy ,  quartz  samples  were  prepared  with 
polished  faces  nornal  to  the  crystallographic  X-, 

Y-.  and  Z -direct ions.  Transit ss ion  was  measured  at 
35  K  between  3100  and  3700  cm-1  with  1  cm  ”  res^~4  ^ 
lution,  using  unpolarized  or  polarized  radiation. ’  ’ 


Results  and  Discussion 


Radiation  Effects  on  Oscillators  and  Resonators 


Figure  1  depicts  the  terminology  used  in  this 
paper  for  the  short-intermediate-,  and  long-term 
radiation  response  of  the  oscillator  frequency. 
Single  pulse  exposures  are  essential  to  measure 
short-term  transients.  Hie  steady-stav.e  offset 
was  defined  as  the  value  after  the  decay  of  the 
short-  and  intermediate-term  transients. 

Steady-State  (Permanent)  Frequency  Offset. 
Figure  2  shows  the  dose  dependence  of  the  steady- 
state  fractional  frequency  offset  of  four  selected 
resonators.  Hie  positive  offset  for  the  unswept 
Hi<h~Q  quartz  resonator  is  attributed  to  the  con¬ 
version  of  Al-Na+  into  Al-OH  or  Al-e+  centers. 

The  offset  for  inswept  Premiun-Q  is  smaller  by  1 
to  2  orders  of  magnitude,  showing  the  effective¬ 
ness  of  lithiun  salt  addition  in  reducing  the 
radiation  sensitivity  of  quartz.  Swept  Premiun-Q 
saiples  demonstrate  a  wide  variation  in  frequency 
offset. 

Table  II  lists  all  steady-state  offset  values 
measured  after  1  Mrad  irradiation.  The  unswept 
Electronic  Grade  data  included  in  this  Table  are 
shewn  for  ccnparison  only.  We  do  not  expect  any 
application  these  materials  in  situations  vhere 
radiation  hardness  is  required.  Sweeping  any  of 
■these  Electronic  Grade  or  High-Q  materials  leads 
to  a  drastic  reduction  in  radiation  sensitivity. 

Hie  listed  offset  values  for  all  swegfc  quartz  reson¬ 
ators  lie  between  +30  and  -420  pp  10  3rd  the  dif¬ 
ferences  over  this  wide  range  cannot  clearly  be 
attributed  to  any  growth,  sweeping,  or  resonator 
fabrication  process. 

Sweeping  in  air  forms  Al-OH  ,  ijhereas  sweep¬ 
ing  in  vacruun  should  result  in  Al-e  .  In  fabricat¬ 
ing  resonators  from  vacuum  swept+material  one  has 
to  be  careful  not  to  change  Al-e  into  Al-OH  ,  for 
exanple,  by  exposing  the  material  to  a  hic^i  taTper- 
ature  hydrogen  atmosphere  heat  treatment,  as  prac¬ 
ticed  by  sane  manufacturers.  This  difference  in 
fabrication  process  is  a  possible  explanation  for 
the  drastic  differences  in  frequency  offset  for 
series  BA  and  F. 

Among  the  three  series  of  alkali-icn-dcped 
quartz  resonators,  sodium  doping  shove  the  expected 


positive  offset  and  lithium-doping  shove 
characteristics  of  both  unswept  and  swept 
Premiun-Q  quartz.  At  the  present  time  we 
cannot  explain  the  differences  for  the  two 
potassium-doped  resonators,  series  EC.  Addi¬ 
tional  acoustic  loss  and  frequency  offset 
measurements  are  in  progress  to  determine  the 
characteristics  of  potassium-doping. 

We  consistently  find  the  steady-state  fre¬ 
quency  offset  for  unswept  Premiun-Q  comparable  to 
or  smaller  than  for  swept  Premiun-Q.  At  the  time 
vhen  Kiixg  introduced  the  sweeping  process  in  the 
late  lg50s,  synthetic  quartz  had  low  Q-valuas,  1- 
5  x  xo~.  Sweeping  increased  the  Q-value  to  over 
2  x  10°.  At  the  same  time,  the  removal  of  sodium 
ions  during  the  sweeping  process  has  also  decreased 
the  radiation  sensitivity.  Consequently,  radiation 
-nsensitive  quartz  has  became  associated  with  swept 
quartz.  It  was  also  shown"  that  the  addition  of 
lithium  salt  to  the  mineralizer  during  growth  in¬ 
hibits  the  incorporation  of  sodium  ions  and  in¬ 
creases  the  as-grown  Q-value  to  2  -  3  x  106. 
Therefore,  sweeping  high  quality  quartz  is  not  ab¬ 
solutely  essential  for  radiation  hardness.  One  is 
then  bound  to  ask:  vhy  should  one  sweep  Premiun-Q? 

It  is  true  that  sweeping  does  not  necessarily  de¬ 
crease  the  steady-state  offset  of  Premiun-Q  quartz, 
but  we  have  shewn  1  that  o  ler  oscillator  perform¬ 
ance  characteristics  are  de  .rimentally  affected  by 
the  use  of  unswept  material. 

Short-Term  Transients.  Figure  3  shews  that 
the  short-term  frequency  and  resistance  transients 
of  Premiun-Q  crystal  resonators  have  similar  time 
dependencies.^  The  changes  for  unswept  quartz  are 
about  20  times  larger  than  for  swept  material  and 
their  maxdma  occur  later.  The  resistance  changes 
increase  with  dose  and  may  exceed  the  oscillator 
AGC  control  range.  This  will  cause  the  oscillation 
to  stop.  Oscillator  steppage  may  be  prevented 
either  by  modifying  the  oscillator  and  AGC  cir¬ 
cuitry  or  by  using  swept  quartz.  Resistance 
transients  for  selected  resonators  are  shown  in 
Figure  4  and  additional  data  is  listed  in  Table  III. 

TVio  types  of  short-term  transient  character¬ 
istics,  slow  and  fast,  can  be  discriminated  by 
vhether  the  time  t  at  vhich  maxdmun  resistance 
change  AR  occurs  is  longer  or  shorter  than  ap- 
proxdmateTy  30  msec.  Slow  type  transients  are 
found  with  urns  wept  Hicfi-Q,  Premiun-Q,  and  Na-dcped 
quartz  and  have  been  attributed  to  mobility  of 
alkali  iens  freed  from  Al  arid  other  trapping 
sites.  Fast  type  transients  were  found  with  swept 
quartz.  A  comparison  between  unswept  (resonator 
G-l)  and  swept  Prsniun-Q  quartz  (resonator  BC-81), 
evaluated  in  the  same  oscillator  test  bed  shows  tm 
=  150  msec  and  t  =  17  msec,  respectively. 

In  addition  to  material  effects,  t  is  also 
influenced  fcy  individual  oscillator  test  bads. 

The  ones  used  here  are  of  identical  design,  yet  we 
find  that,  in  spite  of  precautions  not  to  irradiate 
any  electronic  carponents,  for  swept  resonators 
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$  3  msec  in  test  bed  7211,  and  t  =  17  msec  in 
test  bed  7214.  For  swept  quartz,  ifi  varies  fron  5 
to  40  chms/krad.  We  are  not  able  tomattribute  dif¬ 
ferences  within  this  range  to  any  particular  sweep¬ 
ing  process  or  quarcz  grade.  It  is  therefore  dif¬ 
ficult  to  correlate  the  fast  type  transients  with 
specific  atonic  defects. 

The  curve  shewn  for  the  lithium-deped  swept 
Preniun-Q  resonator  exhibits  a  fast  type  maximum 
superiuposed  on  a  slow  type  transient.  Fran  infra¬ 
red  measurements  we  knew  that  the  sweeping-in  of  Li+ 
ions  was  not  oonplete  and  Al-CH"  centers  are  still 
present  in  the  material.  Therefore,  it  is  not 
surprising  that  the  transient  response  of  this  res¬ 
onator  exhibits  both  the  characteristics  of  unswept 
and  swept  Praniun-Q  quartz. 

Fran  the  standpoint  of  minimizing  radiaticn- 
induced  short-term  transients,  well-swept  quartz  of 
Premiun-Q,  Hicfi-Q,  and  possibly  even  of  Electronic 
Grade  appears  to  be  equally  useful. 

Intermediate-term  Transients.  The  time  range 
between  1  and  1000  seconds  shows  effects  of  energy 
deposition  by  irradiation  particles  subsequent 

heating  of  the  resonator  carponents . 1  1  1  At  turn¬ 
over  tenperature,  the  inner  oven  of  our  oscillator 
test  beds  is  sensitive  to  minute  tenperature 
changes,  and  we  find  that  it  shuts  off  for  a  num¬ 
ber  of  seconds,  or  minutes,  after  exposures  ex¬ 
ceeding  several  kilorads .  Table  IV  shows  the 
shut-off  time  per  unit  dose  for  various  unswept  and 
swept  resonators .  We  find  that,  as  a  class,  swept 
quartz  resonators  cause  the  oven  to  Slut  off  for  a 
substantially  shorter  time  than  sane  unswept  quartz 
resonators.  This  difference  between  unswept  and 
swept  material,  and  the  large  shut-off  time  varia¬ 
tions  between  unswept  resonators  indicate  that  the 
tenperature  rise  in  the  material  is  influenced  by 
crystal  inpurities. 

2-4 

Radiaticn-Modified  Drift.  We  reported  pre¬ 
viously  a  number  of  different  frequency  drift  pat¬ 
terns  for  irradiated  resonators.  We  observed  in¬ 
creases  and  decreases  of  the  drift  rate  as  well  as 
spontaneous  and  stimulated  frequency  changes.  The 
pattern  we  find  most  frequently  is  shown  in  Figure 
5.  It  is  characterized  by  a  frequency  minimum,  oc- 
curing  shortly  after  irradiation,  and  a  subsequent 
increase  which  levels  off  after  several  days. 

Table  V  lists  calculated  drift  rates  (in  pp  10® /day) 
for  1,  2,  and  4  days  after  irradiation  for  selected 
resonators. 

Pre-irradiation  djlft  rates  for  all  listed  sam¬ 
ples  were  in  the  pp  10  /day  range,  and  irradiation 
has  increased  these  values  by  an  order  of  magnitude. 
The  high  drift  rates  persist  for  several  days. 

Swept  Electronic  Grrde  resonators  show  consistently 
higher  post-irradiation  drift  rates  than  swept  Pre- 
mi  um-Q.  We  find  that  the  radiation-induced  drift 
change  is  not  correlated  with  the  steady-state  fre¬ 
quency  offset.  For  exarrple,  a  comparison  of  un¬ 
swept  and  swept  Electronic  Grade  and  High-Q  resona¬ 
tors  show  offset  values  differing  by  two  orders  of 
magnitude  (Table  II),  whereas  their  drift  rates  are 


Table  III.  Transient  resistance  change  after 
single  10  MeV  electron  pulse. _ 


quartz 

reso- 

osc. 

dose 

ARm 

Ath 

nator 

rad 

ohm 

msec 

msec 

High-Q 

T-99 

7212 

820* 

1270 

50 

150 

Cunswept) 

2400 

1850 

50 

140 

Premium-Q 

1-15 

7212 

7  00* 

3l7 

60 

"550~ 

(unswept) 

G-l 

7214 

600 

220 

150 

1100 

285 

150 

Na-doped 

EB-27 

7212 

200 

76 

120 

Li-doped 

EA-53 

7212 

1550* 

f  46 

8 

20 

8  34 

100 

K-doped 

EC-36 

7214 

600 

10 

20 

60 

850 

17 

High-Q 

U-72 

7211 

1550 

15 

<2 

23 

(swept) 

3300 

18 

Preoium-Q 

B-4 

7211 

270 

5 

(swept) 

320 

13 

450 

13 

840* 

25 

3 

23 

BH-68 

7211 

250 

10 

3 

60 

860 

34 

3 

60 

F-2 

7211 

960 

33 

3 

25 

1650 

48 

BC-81 

7214 

200 

4 

840* 

12 

17 

30 

BI-76 

7214 

200 

6 

560 

17 

17 

94 

2100 

18 

BA-72 

7214 

330 

5 

700 

13 

17 

70 

1030 

15 

M— 1 

7214 

700 

12 

17 

30 

1200 

12 

SC-cut 

D-14 

7212 

550* 

29 

2 

4 

-  maximum  resistance  change 
tm  -  time  of  resistance  maximum 

Atj,  -  time  interval  between  AR  «  A  1^/2 

f  -  fast  component 

s  -  slow  component 

*  -  time  dependenence  shown  in  Figure  4 


Table  IV.  Inner  oven  shut-off  time 
after  10  MeV  electron  irradiation. 


quartz 

reso¬ 

nator 

time  off 
sec/krad 

High-Q(unswept 

T-99 

10 

-  30 

Premium-Q(unswept) 

1-15 

10 

-  14 

G-l 

2 

-  2.5 

Na-doped 

EB-27 

1 

-  3 

Li-doped 

EA-53 

11 

Electronic( swept) 

BNns-65 

0.7 

-  1.0 

High-Q(swept) 

U-72 

1.5 

Premium-Q( swept) 

BA-72 

1.5 

BC-81 

0.8 

-  1.5 

24334 

0.7 

-  1.1 

F-6 

0.7 

F-2 

0.2 

-0.4 

B-5 

0.4 

-  0.5 

E-3 

0.2 

-  0.4 
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comparable.  Similarly,  the  lowest  drift  rate 
change  was  observed  with  a  vacuum  swept  Premium -Q 
resonator,  in  spite  of  its  relatively  high  steady- 
state  offset. 

Acoustic  Losses  as  Function  of  Temperature 

A  representative  selection  of  acousti^  loss 
curves  is  shown  in  Fig.  6.  A  strong  Al-Na  peak 
near  50  K  is  present  for  the. unswept  High-Q  reso¬ 
nator.  The  peak  value  of  Q  degreases  after 
1  Mrad  irradiation  by  1.6  x  10  .  The  correspon¬ 

ding  fractional  frequency  increase  at  60  K  is 
1.35  x  10  ,  in  good  agreement  wij^rthe  model  re¬ 

lating  frequency  and  Q  changes.  ’  With  in¬ 
creasing  temperature,  A  f/f  decreases  monotonical- 
ly  to  2  XglO-*5  at  room  temperature  And  to 
1.4  x  K)  at  75 °C.  In  unswept  Premiun-Q,  there 
is  a  small  trace  of  the  50  K  peak  and  in  swept 
quartz,  including  swept  Electronic  Grade ,  it  is 
Absent.  Doping  swept  Premium-Qwith  Na  produced 
a  50  K  peak  with  G)  =  1 .2  x  10-t>  for  resonator 
EB-27. 

In  some  Electronic  Grade  material  there  is  a 
series  of  sweeping-induced  peaks.  The  data  in 
Fig.  6  for  swept  Electronic  Grade  resonator  J-l 
shows  pea  3  at  40,  110  and  170  K.  The  nature  of 
these  has  not  been  identified.  It  has  been  sug¬ 
gested1  ^  that  seme  of  these  loss  peaks  are  related 
to  Al-e+.  In  our  experiments ,  the  peak  indicative 
for  the  Al-Li+  center1"4  at  105  K.is  not  found  with 
certainty,  neither  with  unswept  Premiun-Q  (grown 
with  lithiun  salt  added  to  the  mineralizer)  nor 
with  swept  Premiun-Q  doped  with  Li  by  electro- 
diffusion.  With  respect  to  swept  Premiun-Q  reso¬ 
nators,  the  acoustic  losses  show  no  systematic  ra¬ 
diation  effects.  Similarly,  we  find  substantial 
variations'4  in  the  acoustic  losses  of  vacuum  sewpt 
resonators,  even  when  fabricated  from  the  same  bar. 
Peaks  near  40  K  and  in  the  range  between  120  and 
140  K  appear  with  sane  samples  but  not  with  others. 
Thus,  except  for  the  50  K  Na  peak,  it  is  diffi¬ 
cult  to  relate  radiation-induced  acoustic  loss 
changes  with  frequency  offset. 

Radiation  Effects  on  Infrared  Inpurity  Spectra 

We  have  shown1  that  hich  grade  synthetic 
quartz  can  be  characterized  by  its  low  temperature 
inpurity  spectrum,  consisting  of  four  bands  occur¬ 
ring  in  all  synthetic  quartz,  designated  as  s-bands, 
and  two  others  produced  by  electrodiffusion  or  ra¬ 
diation,  designated  as  e-bands.  All  these  bands 
are  generated  by  0-H  vibrations,  with  the  e-bands 
being  associated  with  Al-OH".  The  strongest  of 
these  bands,  at  3581  cm-  and  e2  at  3366  cm-1, 
are  of  interest  here.  Polarization  studies  indica¬ 
te  that  the  vibrations  responsible  for  s-?,  s,/ ,  e^ 
and  e2  take  place  in  the  basal  plane,  ana  E  JL  c 
measures  the  full  band  strength. 

Figure  7  shows  E  ]_  c  spectra  for  swept  High-Q 
and  swept  Premiun-Q  material .  The  A1-0H  band 
strength  for  this  particular  swept  High-Q  sertple 
is  about  4  times  stranger  than  for  the  swept  Pre- 
miun-Q.  Resonators  fabricated  from  quartz  of  the¬ 
se  two  species,  however,  do  not  show  marked  dif- 


Table  V.  Drift  rate  after  1  Mrad  60co  irradiation. 


quartz 

reao-  drift  rate 
nator  1 

(pp  10®/day)  after 

2  4  days 

Electronic 

Grade 

BNc-69 

4.4 

4.8 

2.2 

Swept 

Q-4l 

13.5 

7.2 

3.8 

Electronic 

BLns-70 

11 

3.8 

2.3 

BNcs-59 

6.2 

4.4 

2.8 

H-2 

6 

3 

1.6 

BK-9 

5.5 

2.5 

P-86 

4.2 

3.3 

1.7 

BJ-21 

3 

1.9 

0.7 

High-Q 

T-102 

11 

8 

4.5 

Swept  Hifth-Q 

U-72 

3.5 

1.5 

0.5 

Swept 

L-5 

3.3 

1.2 

0.9 

Premium-Q 

BB-80 

3 

1.3 

N-169 

3 

1 

BF-97 

3 

0.5 

BI-76 

2.3 

1.1 

0.7 

M-5 

2 

1.5 

0.8 

BG-5 

1.2 

0.3 

BA-72 

0.5 

0.3 

0.15 

ferences  in  radiation-induced  steady-state  frequen¬ 
cy  offset,  short-term  transients,  leng-term  post- 
irradiation  drift  or  acoustic  losses.  The  s-band 
strength  is  similar  in  both  tutorials ,  indicating 
that  it  is  independent  of  A1  concentration. 

In  Fig.  8  we  show  radiation  effects  cn  the  e2 
and  s,  band  strengths  of  unswept,  swept  and  doped 
Premiun-Q  quartz.  For  unswept  material  e2  is  pro¬ 
duced  at  the  expense  of  the  s-bands.  The  s-band 
centers  release_H+  ions  vinich  take  part  in  the  for¬ 
mation  of  A1-0H  ,  replacing  sane  of  the  dissocia¬ 
ting  Al-M+  centers.  In  addition,  radiation  also 
produces  Al-e+  centers. 

Irradiating  swept  quartz  decreases  both  the 
e2  and  s,  band  strengths.  The  amount  of  this  de¬ 
crease  varies  widely  among  different  swept  samples. 
We  do  not  observe  formation  of  new  bands  or  an  in¬ 
crease  in  existing  band  strengths,  and  we  can  con¬ 
clude  that  the  hydrogen  released  frxm  the  dissocia¬ 
tion  of  these  centers  is  infrared-inactive.^  Vne 
compensation  mechanism  for  the  affected  A1  has 
not  been  elucidated. 

Figure  8  also  shows  the  effect  of  sweeping 
and  subsequent  doping  on  e„  and  s. .  The  strength 
of  the  sweeping-induced  e„  oand  is  reduced  by  do¬ 
ping  as  the  Al-OH-  is  replaced  by  Al-M  .  However, 
as  the  data  indicates,  this  replacement  is  incom¬ 
plete  in  both  the  Li  and  the  Na  doped  sample. 

The  radiation  effeerts  on  these  bands  are  carmensu- 
rate  with  those  expected  for  unswept  quartz. 
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mington  and  R.  N.  Brown,  Rome  Air  Development 
Center  (RADC/ES) . 


15  H.  G.  Lipson,  "Infrared  Impurity  Absorption 
Spectra  of  Premium-Q  Quartz",  in  Basic  Optical 
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NBS  Special  Publication  No.  574,  36  (1980) . 


10 


-3 


I03  sec  I06 


Fig,  1,  Time  dependence  of  10  MeV  electron  irradi 
ation-induced  fractional  frequency  change 
for  swept  Premium-Q  resonator  E-3. 
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steady-state  fractional  frequency  offset 
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Fig.  2.  Steady-state  fractional  frequency  offset 
as  function  of  accumulated  10  MeV  electron  dose. 

quartz  resonator 

HQ  unswept  Hlgh-Q  T-75 

PQ  unswept  Premium-Q  1-5 

sPQ  swept  Premium-Q,  low:  E-l 

high:  B-4 

Fig.  3.  Short-term  transient  fractional  frequency 
change  Af/f  (top),  and  resonator  series  resistance 
change  AR  (bottom),  for  Premium-Q  resonators. 
Unswept:  G-l  after  580  rad;  swept:  BC-81  after  840 
rad  single  pulse  10  MeV  electron  dose. 
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Fig.  4.  Short-term  transient  series  resistance 
change  AR  for  selected  resonators 

quartz  resonator  test 
HQ  unswept  High-Q  T-99  7212 
PQ  unswept  Premium-Q  1-15  7212 
SPQ  swept  Premium-Q,  (1)  B-4  7211 


200  K 


sPQ-Li  swept  Premium-Q, Li -doped  EA-53  7212 
SC  SC  cut  D-14  7212 
See  Table  III  for  10  MeV  electron  pulse  doses. 
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Fig.  5.  Pre-  and  post- irradiation  frequency 
drift  for  swept  Electronic  Grade  quartz  reso¬ 
nator  Q-41 . 


Fig.  6.  Acoustic  losses  Q"1  as  function  of  tempe 
rature  T,  before  irradiation. 
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THE  ACOUSTIC  LOSS  SPECTRUM  OF  5  MHz  5th  OVERTONE  AT-CUT  DEUTERATED  QUARTZ  RESONATORS 
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Department  of  Physios 
Oklahoma  State  University 
Stillwater,  Oklahoma  74078 


Summary 

The  acoustic  loss  spectra  in  5  MHz  5th  over¬ 
tone  AT-cut  resonator  blanks  fabricated  from  well 
characterized  Sawyer  Premium  Q  quartz  have  been 
measured  as  a  function  of  hydrogen,  deuterium  sweep¬ 
ing  and  of  irradiation.  No  loss  peaks  that  can  be 
associated  with  the  Al-OH  center  were  found.  Ir¬ 
radiation  at  room  temperature  introduced  loss  peaks 
at  25  K,  100  K  and  a  broad  shoulder  on  the  side  of 
the  100  K  peak  extending  to  160  K.  These  loss 
peaks  are  probably  caused  by  the  [A1  +]°  center. 


Introduction 


Acoustic  loss  peaks  in  the  250  K  to  500  K 
temperature  range  are  thought  to  be  due  to  OH  re¬ 
lated  defects.1'2  Irradiation  at  room  temperature 
does  not  cause  a  steady  state  alteration"  of  the  OH 
defects  as  monitored  by  infrared,  IR,  measurements 
on  high  quality  electrolyzed  synthetic  quartz. 
However,  transient  effects  are  possible  since  hydro¬ 
gen  is  mobile  at  all  temperatures  in  a  radiation 
field.3'1*  By  measuring  the  acoustic  loss  spectrum 
of  deuterated  5  MHz  5th  overtone  AT-cut  resonator 
blanks  we  hope  to  pin  down  the  effects  of  OH  on 
resonator  performance.  The  principal  defect  in 
high  quality  synthetic  quartz  is  an  aluminum  atom 
substituting  for  a  silicon  atom.  This  sub¬ 
stitutional  A1  is  charge  compensated  by  either  an 
interstitial  alkali  or  by  a  hydrogen  on  a  non¬ 
bonding  p  orbital  of  an  adjacent  oxygen  atom. 

Quartz  which  has  not  been  electrolyzed  always 
contains  interstitial  alkalis.  Irradiation  at 
room  temperature  of  such  material  replaces  the 
alkali  at  the  A1  site  with  a  hydrogen.  This 
modification  of  the  A1  site  causes  most  of  the 
steady  state  frequency  offset  observed  in  unswept 
quartz.  Electrolysis  (sweeping)  developed  ini¬ 
tially  by  King5  which  in  the  conventional  process 
completely,  removes  the  alkalis  from  the  quartz  and 
substitutes  hydrogen  greatly  reduces  the  steady 
state  radiation  induced  offset.6  Recently, 
Koumvakalis  and  Markes  have  demonstrated  an 
electrolytic  process  which  produces  a  nearly  com¬ 
plete  replacement  of  the  H+  ions  with  D+  ions.7 
We  present  here  the  r  isults  of  an  ongoing  study  of 
the  acoustic  loss  in  5  MHz  5th  overtone  AT-cut 


blanks  fabricated  from  well  characterized  Sawyer 
Premium  0  material  as  a  function  of  sweeping 
hydrogen  and  deuterium  into  the  blank.  Radiation 
effects  on  these  samples  will  also  be  discussed. 

Experimental  Procedure 

5  MHz  5th  overtone  piano  convex  AT-cut  reso¬ 
nator  blanks  were  fabricated  for  this  study  by 
K&W  Mfg. ,  Prague,  Ok.  from  a  Sawyer  pure  Z  growth 
Premium  Q  bar  of  synthetic  quartz.  Samples  from 
this  bar  have  been  extensively  studied  at  Oklahoma 
State  University  by  ESR,  IR  and  thermal  conduc¬ 
tivity  techniques.  This  bar  has  been  given  an  in- 
house  label  PQ-E  and  resonator  blanks  are  then 
coded  by  the  letter  R  with  a  serial  number;  thus, 
PQ-ER5  is  the  fifth  resonator  blank  fabricated 
from  bar  PQ-E.  A  chemical  analysis  of  this  bar 
reported  by  Markes  and  Halliburton4  shows  that  it 
contains  16  molar  ppm  Al,  9  molar  ppm  Na,  and  less 
than  9  molar  ppm  Li.  This  value  for  the  Al  con¬ 
tent  is  in  excellent  agreement  with  the  value 
determined  by  ESR  reported  earlier  at  this  meeting. 
While  the  Al  content  of  this  bar  is  somewhat  high 
for  Premium  Q  quartz,  the  high  Al  content  aids  this 
type  of  study  since  we  can  then  have  a  high  con¬ 
centration  of  the  desired  defects.  An  infrared 
absorption  scan  taken  at  liquid  nitrogen  tempera¬ 
ture  on  resonator  blank  PQ-ER3  in  the  as-received 
condition  with  e| |x  is  shown  as  curve  A  in  Fig.  1. 
The  scan  is  fairly  typical  of  unswept  Premium  Q 
material. 


The  Al-OH  and  Al-OD  centers  were  produced  in 
resonator  blanks  PQ-ER2  and  PQ-ER5  respectively  by 
direct  electrolysis  of  the  blank  in  either  a  H2  or 
D2  atmosphere.  Curve  B  in  Fig.  1  shows  the  IR  scan 
for  the  H2  swept  blank  PQ-ER2 ;  the  strong  3367  cm-1 
and  3306  cm-1  absorption  peaks  are  characteristic 
of  the  Al-OH  center.  Curve  C  in  Fig.  1  show,,  the 
corresponding  scan  for  the  D2  swept  blank  PQ-ER5 ; 
the  absorption  peak  at  2492  cm-1  is  the  Al-OD 
analog  of  the  3367  cm-1  peak,  the  analog  of  the 
3306  cm-1  peak  is  obscured  by  the  strong  intrinsic 
absorption.  The  Al-OH  content  in  PQ-ER2  is  esti¬ 
mated  from  the  IR  came  to  be  about  15  ppm.  The 
Al-OD  content  in  PQ-ER5  is  estimated  to  be  about 
9  ppm.  The  Al-OH  center  is  not  present  in  the 
unswept  sample  PQ-ER3. 


The  internal  friction,  Q"1,  of  the  resonator 
blanks  was  measured  as  a  function  of  temperature  by 
the  log  decrement  method.  The  measurements  were 
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made  in  a  variable  temperature  helium  Dewar  with 
the  blanks  mounted  in  a  gap  holder  similar  to  the 
one  described  by  Fraser.2  The  resonator  blank  was 
driven  for  10  ms  at  its  series  resonant  frequency 
and  then  allowed  to  freely  decay.  The  decaying  rf 
signal  was  detected  with  a  superheterodyne  detector 
and  displayed  on  a  variable  persistence  storage 
oscilloscope.  The  exponential  decay  times  were 
measured  using  a  window  detector  to  gate  a  digital 
timer. 

Irradiations  were  carried  out  at  room  temper¬ 
ature  using  1.7  MeV  electrons  from  a  Van  de  Graaff 
acceleration  with  the  resonators  mounted  in  the 
optical  Dewar.  Typical  doses  were  approximately 
2000  J/cm3  (n.  10®  rads) .  This  dose  is  not  ex¬ 
pected  to  produce  significant  amounts  of  knock-on 
damage,  but  it  has  been  shown  to  saturate  the  im¬ 
purity  related  defects.  The  production  of  A1-0H 
centers  by  the  irradiation  was  measured  by  an  in¬ 
frared  scan  at  liquid  nitrogen  temperatures  on  the 
resonator  blank. 

Results  and  Discussion 

Fig.  2  shows  the  acoustic  loss,  Q_1,  versus 
temperature  spectrum  for  resonator  blank  PQ-ER5  in 
the  as-received  unswept  condition  and  after  elec¬ 
trolysis  in  a  D2  atmosphere.  Before  the  D2  elec¬ 
trolysis  the  Al-Na  center  loss  peak  at  54  K  is 
clearly  shown,  A  broad  loss  peak  near  240  K  is 
also  present  in  the  sample.  When  the  blank  was 
electrolyzed  in  a  D2  atmosphere  both  the  Na  loss 
peak  and  the  broad  peak  near  240  K  disappeared. 

The  phonon-phonon  loss  near  25  K  increased 
slightly,  no  other  significant  change  in  the  Q"1 
spectrum  was  observed.  Blanks  PQ-ER3  and  PQ-ER1 
were  also  measured  in  the  as-received  condition. 

The  results  for  both  were  identical  to  the  results 
of  PQ-ER5  in  the  as-received  unswept  condition  ex¬ 
cept  that  the  broad  240  K  peak  was  missing.  Con¬ 
sequently,  we  believe  that  the  240  K  loss  peak  is  a 
spurious  response  and  cannot  be  attributed  to  an 
impurity  related  defect.  The  54  K  Na  loss  peak  was 
the  same  height  in  all  three  blanks. 

Fig.  3  shows  the  acoustic  loss  spectrum  for 
blank  PQ-ER2  which  had  been  electrolyzed  in  H2.  It 
contains  approximately  15  ppm  A1-0H  centers.  As 
expected  the  54  K  Na  loss  peak  is  absent.  The 
large  broad  loss  peak  near  200  K  is  probably  a  mode 
crossing.  This  mode  crossing  which  has  been  pre¬ 
viously  observed8  is  present  in  our  other  blanks 
from  this  series.  Usually,  the  resulting  loss 
covers  a  narrower  temperature  range.  Thus,  at  this 
stage  of  the  investigation  it  appears  that  there 
is  no  significant  loss  mechanism  related  to  the 
Al-OH  (or  Al-OD)  center  in  the  5  K  to  350  K  temper¬ 
ature  range  for  samples  with  an  Al-OH  content  of 
15  ppm  or  less.  As  shown  by  Fig.  1  the  Premium  Q 
quartz  samples,  from  bar  PQ-E,  do  not  have 
significant  amounts  of  the  other  OH  related  defects 
which  cause  IR  absorptions  at,  for  example,  3437 
cm"1  and  3400  cm-1  in  synthetic  quartz,  ' 3  These 
defects  may  give  rise  to  the  OH  related  loss  peaks 
reported  by  Dodd  and  Fraser.1 

Resonator  blanks  PQ-ER3  (unswept)  and  PQ-ER5 


(D2  swept)  were  irradiated  at  room  temperature  with 
1.75  MeV  electrons  to  a  dose  of  approximately  10® 
rads.  The  IR  spectrum  was  measured  at  77  K  for 
both  resonator  blanks  after  the  irradiation.  No 
significant  change  was  observed  in  the  spectrum  for 
the  swept  blank,  PQ-ER5 .  In  the  unswept  blank 
approximately  8  ppm  Al-OH  centers  were  produced  (as 
shown  by  the  3367  cm"1  and  3306  cm-1  bands)  by  the 
irradiation.  A  room  temperature  irradiation  moves 
alkali  ions  away  from  the  A1  site  and  either  a 
proton  or  a  hole  is  subsequently  trapped  on  an 
adjacent  oxygen.  The  proton  then  forms  the  Al-OH 
center  which  is  IR  active.  The  hole  center, 

!>ie+]°  can  be  observed  with  ESR  techniques.  ESR 

studies  on  samples  from  the  original  bar,  PQ-E, 
suggest  that  this  irradiation  also  produced  an 
equal  number  of  [Ale+]°  centers  in  the  unswept 
blank.1*  The  swept  blank  is  expected  to  contain 
fewer  hole  centers  following  the  room  temperature 
irradiation.  The  acoustic  loss  spectrum  for  the 
unswept  blank  is  shown  in  Fig.  4.  Large  loss  peaks 
near  25  K,  100  K  and  a  broad  loss  over  the  125  K 
to  160  K  range  were  produced  by  the  room  tempera¬ 
ture  irradiation.  Fig.  5  shows  that  these  same 
peaks  are  also  present  in  the  swept  sample  although 
they  are  greatly  reduced  in  strength.  Fig. 6  shows 
a  difference  curve  for  the  irradiation  induced  loss 
in  the  two  resonator  blanks.  The  loss  peak  at 
100  K  with  the  broad  shoulder  extending  to  near 
160  K  shown  in  Fig.  6  is  in  excellent  agreement 
with  the  much  earlier  results  of  King8'8  for  his 
low  temperature  irradiation  and  subsequent  anneal. 
He  attributed  the  loss  to  the  [Ale+]°  center.  The 

large  loss  peak  near  25  K  is  tentatively  also 
caused  by  the  hole  center.  Taylor  and  Farnell10 
and  Schnadt  and  Schneider11  have  extensively 
studied  the  electronic  structure  of  the  [Ale+]° 
center  with  magnetic  resonance  and  dielectric 
loss  techniques.  The  dielectric  loss  results  of 
Taylor  and  Farnell  suggest  that  at  liquid  helium 
temperatures  the  hole  is  trapped  on  one  of  the  two 
"short  bond"  oxygens  adjacent  to  the  aluminum  and 
that  slightly  above  4  K  the  hole  starts  to  jump 
between  these  two  oxygens.  Perhaps  the  onset  of 
this  motion  is  responsible  for  the  25  K  anelastic 
loss  peak.  The  100  K  loss  peak  can  possibly  be 
attributed  to  the  onset  of  the  hole  jumping  to  the 
"lung  bond”  oxygens.  This  jumping  has  been  ob¬ 
served  in  the  ESR  results  of  Schnadt  and  Schneider. 
The  broad  higher  temperature  loss  may  correspond  to 
the  rapid  motion  of  the  hole  between  oxygens.  This 
motion  causes  the  ESR  spectrum  to  broaden  beyond 
recognition. 

This  work  was  supported  in  part  by  the  U.  S. 
Air  Force,  monitored  by  A.  F.  Armington,  RADC, 
Hanscom  AFB ,  MA  01731. 
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The  acoustic  loss  spectrum  for  the 
unswept  blank  is  shown  in  Fig.  4.  Large  loss  peaks 
near  25  K,  100  K  and  a  broad  loss  over  the  125  K 
to  160  K  range  were  produced  by  the  room  tempera¬ 
ture  irradiation. 


of  the  A1-0H  center. 


Fig.  3  shows  the  acoustic  loss  spectrum  for 
blank  PQ-ER2  which  had  been  electrolyzed  in  H2. 
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Fig.  5  shows  that  these  same 
peaks  are  also  present  in  the  swept  sample  although 
they  are  greatly  reduced  in  strength. 
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Fig  6  shows 

a  difference  curve  Cor  the  irradiation  induced  loss 
in  the  two  resonator  blanks.  The  loss  peak  at 
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THE  TEMPERATURE  COEFFICIENT  OF  FREQUENCY  OF  AT-CUT 
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555  Union  Boulevard 
Allentown,  Pennsylvania  18103 


Abstract 

Good  correlation  between  the  quartz  crystal 
orientation  angle  and  the  dependence  of  resonator 
frequency  on  temperature  is  important  when  it  is 
necessary  to  use  the  lower  cost  crystal  orientation 
angle  control  rather  than  the  higher  cost  actual 
frequency  measurement  over  the  temperature  range  of 
interest.  Adequate  correlation  also  allows  the  use 
of  low  cost  orientation  angle  sorting  and  correc¬ 
tion  techniques  in  the  development  of  high  yield 
manufacturing  processes. 

The  dependence  of  the  frequency  of  a  large 
number  of  AT-quartz  filters  on  temperature  is  dis¬ 
cussed.  These  results  show  what  has  been  achieved 
in  production  under  conditions  of  careful  process 
control.  For  a  smaller  number  of  discrete  AT- 
quartz  resonators  the  crystal  orientation  angles 
for  each  resonator  plate  were  also  measured.  The 
dependence  of  the  frequency  on  temperature  depends 
mostly  on  the  orientation  angle  of  the  resonator 
plate. 

A  significant  fraction  of  the  resonators  and 
filters  showed  an  abnormal  dependence  of  frequency 
on  temperature.  A  careful  examination  of  the  cry¬ 
stal  plates  for  these  resonators  showed  that  cry¬ 
stal  defects  (grown-ln  strain  associated  with 
dislocations)  are  largely  responsible  for  the 
unusual  temperature  coefficient.  The  results  of 
this  examination  are  discussed.  Also  discussed  are 
observations  related  to  the  initiation  and  propaga¬ 
tion  of  grown-in  strain  and  how  strain  in  thick  r- 
face  bars  and  thin  plates  was  inspected. 


Introduction 

During  1 970. agd  1975,  several-reports  were 
given  on  design^  if  ,  development'3’  '  and  manufac¬ 
turing  aspects'3’  1  of  8-resonator  Monolithic  Cry¬ 
stal  Filters  (MCFs)  intended  for  A6  Channel  Banks 
at  about  8,140  MHz.  This  report  will  describe  a 
quartz  material  problem  that  affected  the 
frequency-temperature  (f-T)  behavior  of  these 
filters.  We  will  first  introduce  the  problem  by  (A) 
showing  its  effects  on  the  f-T  behavior  of  MCFs 
made  from  non-selected  cultured  r-face  bars,  (B) 
describe  grown-in  strain  -  the  actual  problem  - 
based  on  observations  we  made  during  the  critical 
period,  and  (C)  discuss  the  results  of  an  evalua¬ 
tion  of  the  effects  of  grown-in  strain  on  the  f-T 
behavior  and  Q  of  a  group  of  8  MHz  fundamental  mode 
discrete  resonators. 


We  hope  that  our  results  may  contribute  to  a 
better  understanding  of  structural  defects  in  r- 
faee  quartz  in  particular,  and  to  the  practical 
aspects  of  cultured  quartz  with  respect  to  crystal 
design  in  general. 


A.  £-X  Behavior  &£  A&  MCFs  Made  frpfl  flon-S elected 
r-face  jajuacu  Materiala 

The  principle  part  of  the  MCF  is  a  rectangular 
AT-eut  quartz  crystal  plate  which  provides  space 
for  eight  pairs  of  evaporated  electrodes  with  cou¬ 
pling  stripes,  and  sixteen  pads  for  mechanical  and 
electrical  interconnections.  A  sample  of  this 
filter  is  shown  in  Figure  1. 

Figure  2  shows  graphically  the  orientation  of 
the  AT  plate  relative  to  the  coordinate  axial  sys¬ 
tem  of  quartz.  This  figure  gives  an  idea  of  how 
these  plates  are  cut  and  machined  from  hydrother- 
mally  grown  r-face  bars.  (The  number  of  plates 
obtained  from  one  r-face  bar  is  much  larger  than 
shown.)  The  principle  orientation  angle  required  by 
the  MCFs  is  35  12’  30"  relative  to  the  Z  axis.  At 

this  angle  the  frequency  change  as  aQfunctior.  of 
temperature  is  minimum  from  0  to  50  C.  This  is 
also  the  orientation  angle  of  seed  plates  from 
which  r-face  bars  are  grown.  (The  seed  plate  in 
the  figure  is  indicated  by  a  dotted  section.)  Since 
minimum  frequency  change  is  one  of  the  most  impor¬ 
tant  objectives  the  A6  MCFs  have  to  meet,  tight 
angle  control  is  an  important  factor  in  the 
preparation  of  these  plates.  We  measure  the  angle 
(using  X-ray  double  diffraction  techniques)  after 
wafering  and  angle  correction  where  plates  are 
still  relatively  thick.  By  controlling  all  subse¬ 
quent  plate  machining  processes,  we  are  then  able 
to  meet  the  final  objective  of  ±  45"  at  the  end  of 
the  overall  plate  process  at  about  8.140  MHz 
without  the  need  for  additional  X-ray  testing. 

Also  indicated  in  Figure  2  is  the  point  of  observa¬ 
tion  for  strain  inspection.  This  point  will  become 
important  in  the  following  description  of  strain. 

In  spite  of  tight  angle  control  and  control  of 
other  variables  which  also  influence  the  f-T 
behavior  of  MCFs  (e.g.  mass  loading),  we  have 
experienced  poor  correlation  between  AT-orientation 
angles  and  f-T  drifts.  What  we  mean  by  poor  corre¬ 
lation  is  shown  in  Figure  3  where  f-T  drifts  of  a 
large  number  of  experimental  and  production  MCFs 
are  plotted  against  the  AT-orientation  angles  of 
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the  plates  used  for  these  filters.  Each  data  point 
regresents  the  50°C  frequency  of  one  MCF  minus  the 
25  C  frequency  as  measured  at  the  -3db  point. 

(This  approach  of  comparing  angles  and  drifts  has 
been  chosen  because  of  its  simplicity.  The  insert 
in  Figure  3  shows  that  the  f-T  curves  of  AT  plates 
over  this  relatively  narrow  temperature  range  are 
sufficiently  consistent  with  respect  to  angular 
intervals  to  allow  this  way  of  displaying  varia¬ 
tions  without  much  loss  of  accuracy).  Some 
scattering  of  data  points  is  expected  because  many 
process  and  design  related  variables  (in  addition 
to  orientation  angle)  have  some  influence  on  the 
f-T  characteristic.  However,  the  scatter  shown  in 
this  figure  seemed  excessive.  We  have  found  that 
this  poor  correlation  was  related  to  quartz 
material  defects,  particularly  grown-in  strain 
closely  associated  with  dislocations,  rather  than 
to  process  or  design  related  variables. 


B.  C,fiacrlption,.of..0r.awarln  Strain  in. r,r face  .Quartz 
Model  on  How  Strain  Originates 

Because  strain  modifies  the  birefringence  of 
quartz,  strain  areas  can  be  made  visible  with  the 
aid  of  polarized,  monochromatic  light.  Figure  1) 
shows  the  typical  appearance  of  strain  in  an 
approximately  1.5cm  thick  r-face  bar.  Strain  is 
represented  by  several  starlike  clusters.  The 
point  of  observation  was  at  about  25°  relative  to 
the  optic  axis  as  indicated  in  Figure  2.  This 
angle  has  been  found  optimum  for  this  method  of 

inspection.  A  polariscope  was  used  which  basically 
consisted  of  a  sodium  light  source,  a  light 
diffuser  and  a  polarizer  and  analyzer  in  crossed 
position.  For  this  test  the  major  faces  of  a 
quartz  sample  must  be  fairly  transparent  and  paral¬ 
lel.  Transparency  was  obtained  by  using  polished 
cover  glasses  and  a  fluid  of  matching  index  of 
refraction  which  fills  the  gaps  between  the  coverg- 
lasses  and  the  otherwise  non-transparent  (ground) 
major  faces  of  the  quartz.  The  sequence  of  the 
uniformly  spaced,  straight  and  horizontal  light 
bands  result  from  the  interactions  between  the  fast 
and  slow  optical  wavefronts  in  quartz.  No  attempt 
was  made  to  eliminate  these  bands  (as  is  in  other 
strain-inspection  methods) .  In  the  present  method 
these  bands  are  needed  as  background  reference  in 
the  qualification  of  strain.  Material  completely 
free  of  structural  defects,  such  as  grown-in  strain 
or  optical  twins,  will  display  uniformly  spaced, 
straight  and  continuous  bands.  Large  sections  of 
the  r-face  bar  in  Figure  4  indicate  this  ideal  con¬ 
dition.  Any  anomalous  deviation  from  straightness, 
or  discontinuities  (e.g.,  the  starlike  clusters) 
may  then  be  interpreted  as  structural  defects.  In 
a  later  section  of  the  paper  we  will  show  that 
resonators  cut  from  such  strain  sections  may  have 
undesired  f-T  characteristics. 

The  method  may  be  equally  used  to  observe 
structural  differences  within  seed  or  bulk  related 
to,  for  instance,  the  different  growth  regions  in 
cultured  quartz. 


In  Figure  5  we  observe  the  interaction  of 
polarized,  monochromatic  light  alo%  the  X-axis  of 
quartz  which  is  along  the  width  dimension  of  an  r- 
face  bar.  In  the  top  picture,  two  quartz  sections 
are  shown  within  the  outline  of  natural  quartz  and 
the  important  pyramidal  faces.  It  is  apparent  that 
along  X  there  is  less  contrast,  and  there  are  no 
straight  interference  bands  available  for  refer¬ 
ence.  However,  this  view  along  X  is  of  interest 
because  it  reveals  the  following  characteristics: 

a.  Strain  appears  in  the  shape  of  cones 
(several  strain  cones  appear  in  the  top 
picture  of  Figure  5). 

b.  Strain  initially  originates  near  the  seed. 

c.  Strain  apparently  propagates  during  grow¬ 
ing  toward  the  pyramidal  faces  of  quartz. 

Two  of  the  cones  labeled  A  and  B  oan  be  seen 
magnified  in  the  lower  two  microphotographs  where 
strain  is  represented  by  light-toned,  comet-like 
tails  which  originate  near  the  seed  plate.  (A 
closer  look  reveals  that  cone  A  consists  of  two 
cones  nearly  parallel  to  each  other.)  A  section  of 
the  seedplate  is  shown  on  the  bottom  part  of  these 
two  pictures.  The  seed  section  is  represented  by 
dark  pipes,  or  etch  channels,  related  to  hydrother¬ 
mal  etching  which  takes  place  during  the  warm-up 
period  of  a  growing  run.  Next  to  the  seed  section 
is  the  seed-bulk  interface,  here  only  revealed  by  a 
layer-like  accumulation  of  small  particles.  These 
particles  range  from  several  microns  down  to  submi- 
eron  dimensions.  Generally  referred  to  as  sodium- 
iron-silicates,  and  quite  common  in  cultured 
quartz,  these  particles  prefer  sites  at  or  near  the 
seed,  especially  in  r-face  quartz  bars.  (A 
washboard-like  pattern  covering  the  entire  pictures 
should  oe  ignored.  These  unwanted  interferences 
are  related  to  a  wedged  filter  in  the  light  path  of 
the  microscope.) 

It  is  now  important  to  note  that  within  the 
immediate  areas  from  which  strain  cones  originate, 
there  is  usually  also  an  accumulation  of  apparently 
similar  particles.  (In  the  figure,  these  particles 
appear  about  the  center  of  the  lower  two  pictures) . 
Although  most  particles  were  found  to  be  also  of 
the  usual  sodium-iron-silieate  flakes,  not  all  have 
been  identified.  From  our  limited  observations  it 
appears  that  only  some  of  these  particles  are  capa¬ 
ble  of  initiating  harmful  dislocation  growth  and 
the  associated  strain.  We  have  also  observed  that 
these  certain  particles  are  mostly  small,  may  some¬ 
times  have  faces  in  crystallographic  terms,  and  are 
often  attached  to  other  larger  particles.  Other 
apparently  important  factors  in  the  Initiation  of 
strain  are  the  seed  orientation  and  the  orientation 
of  these  certain  particles  relative  to  the  seed 
orientation.  It  should  be  noted  that  Barns  et 
alu'  have  related  similar  particles  within  strain 
areas  in  r-face  quartz  to  crystallites  of  the  rare 
mineral  Tuhualite  (which  is  structurally  similar  to 
lithium  sodium  iron  silicate).  Further,  no  initial 
strain  cones  have  been  detected  in  r-face  bars 
grown  in  (laboratory)  silver  -  or  platinum  -  lined 
vessels  under  similar  growing  conditions. 
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It  has  been  considered  possible  that  micro¬ 
quartz  crystallites  known  to  spontaneously  nucleate 
within  the  vessel  in  every  growing  run  say  become 
embedded  in  the  bulk  during  growing  and  cause 

/  D  \ 

growth  defects.  '  Although  we  have  seen  such 
micro-quartz  crystallites  on  the  surface  of  the  X- 
growth  regions  of  r-face  quartz  bars,  we  have  not 
found  any  evidence  of  them  on  the  surfaces  or 
within  the  bulk  of  the  all-important  Z-growth 
regions  using  optical  inspection  techniques.  For 
instance,  none  of  the  particles  at  the  origin  of 
the  strain  cones  A  and  B  in  Figure  5  appears  in  the 
classical  shape  of  crystal  quartz. 

Strain  Intensity  and  Distribution 

Crown-in  strain  in  the  form  of  well  defined 
cones  as  shown  in  Figure  5  exists  only  in  the  ini¬ 
tial  state,  that  is  when  strain  is  generated  within 
the  bulk.  This  state,  to  which  we  may  now  refer  as 
first  order  strain,  is  graphically  shown  in  a  cross 
section  in  Figure  6a.  First  order  strain  may  con¬ 
vert  into  second  or  higher  order  strain  as  follows. 
First,  the  strain,  once  generated,  will  "grow"  from 
its  point  of  orlgit.  usually  near  the  seed,  through 
the  remaining  half  sections  of  the  r-faee  bar. 

When  a  seed  plate  obtained  from  an  r-faoe  bar  con¬ 
taining  first  order  strain  is  used  to  grow  another 
(next  generation)  bar,  the  strain  will  propagate 
from  within  the  seed  into  the  bulk  (both  half  sec¬ 
tions  now)  of  the  new  ba*'.  This  new  strain  we  may 
call  second  order  strain.  When  the  cycle  is 
repeated  with  a  seed  containing  second  order 
strain,  we  will  get  a  bar  with  third  order  strain, 
and  so  on.  An  example  of  this  is  graphically  shown 
in  Figure  6b.  Because  of  the  coned  shape  with 
which  strain  propagates  within  the  bulk,  each  new 
(higher  order)  strain  section  will  cover  a  large 
area.  When  uncontrolled,  strain  would  eventually 
cover  the  entire  stone.  Such  extreme  conditions 
are  prevented  by  rejuvenation  of  seed  inventories 
through  proper  seed  selection. 

Grown-in  strain  is  generally  most  intense  in 
the  initial  state  and  proportionally  less  in  states 
of  higher  order.  Moreover,  the  Intensity  within  a 
strain  area  is  highest  near  the  seed  and  propor¬ 
tionally  less  away  from  the  seed.  (Fractures  usu¬ 
ally  originate  near  the  seed). 

There  are  situations,  as  shewn  in  Figure  6c, 
where  first  order  strain  originates  within  another 
high-order  strain  section.  These  situations  have 
usually  resulted  in  very  intense  strains  and  often 
led  to  cracking,  or  in  extreme  cases  even  to  the 
formation  of  electrical  twinning.  This  process  is 
complex  and  not  well  understood. 

Grown-in  strain  has  been  the  subject  of  other 
investigations  in  connection  with  cracking  of  r- 
face  bars^>'°)* 

Although  strain  appears  in  r-face  bars  in  the 
basic  shape  of  ones,  it  also  prefers  to  spread  out 
in  branchlike  formations.  This  may  fc<ve  already 
become  evident  from  Figure  h,  where  the  view  is 
along  the  center  of  first  order  strain  cones.  In 


the  direction  of  this  view,  the  branchlike  forma¬ 
tion  can  easily  be  observed.  These  formations 
become  even  more  evident  from  Figure  7  where  two 
photographs  show  first  order  strain  (reflected 
light)  contained  in  two  thin  8.1  MHz  AT-eut  plates 
cut  from  the  same  atraincone.  The  one  on  the  left 
is  a  section  from  near  the  origin  close  to  the 
seed,  and  the  other  from  a  location  far  away  from 
the  origin.  The  branchlike  formations  are  particu¬ 
larly  noticeable  in  the  latter  plate.  These  plates 
have  been  extensively  etched  in  a  saturated  solu¬ 
tion  of  ammonium  bifluoride  to  reveal  the  struc¬ 
tural  defects  (dislocations)  in  form  of  etch  pits 
and  etch  channels.  The  etch  time  was  approximately 
30  minutes.  Chemical  etching  is  a  good  method  of 
evaluating  the  size,  shape,  location  and  intensity 
of  grown-in  strain  in  thin  quartz  plates.  Low  lev¬ 
els  of  strain  are  difficult  to  observe  in  thin 
plates  by  optical  methods.  These  etch  patterns 
correlate  with  strain  patterns  revealed  by  X-ray 
topology,  but  etching  is  quicker  and  simpler. 

Figure  7,  especially  the  picture  on  the  left, 
also  gives  an  indication  of  the  two  principle 
appearances  of  dislocations  in  r-face  quartz 
represented  by  etch  pits  and  etch  channels:  Type 
(1)  dislocations  are  (more  or  less)  uniformly  dis¬ 
tributed  throughout  the  z-growth  region,  propagate 
from  the  seed  into  the  bulk  apparently  without  mak¬ 
ing  contact  or  being  attracted  to  each  other,  and 
are  not  associated  with  any  optically  detectable 
strain.  Type  (2)  dislocations  are  condensed  to 
cone-shaped,  branch-like  formations  initiated  near 
the  seed  or  propagating  from  strain  areas  within 
the  seed,  and  are  associated  with  optically  measur¬ 
able  strain  as  demonstrated. 

Type  ( 1 )  dislocations  are  of  no  concern 
because  after  etching,  they  apparently  have  no 
effect  on  Q,  f-T  behavior,  inductance  and  aging  of 
resonators  and  filters  below  about  10  MHz.  (The 
frequency  range  above  10  MHz  has  not  yet  Deen  suf¬ 
ficiently  explored  for  r-face  quartz.)  Puring  etch¬ 
ing,  type  (1)  dislocation;"  convert  first  into  etch 
pits  and  then  into  etc!,  channels  at  a  relatively 
slow  etch  rate  with  the  occasional  exceptions  of 
some  isolated,  rapidly  etching  dislocations  of  unk¬ 
nown  origin. 

Type  (2)  dislocations  are  of  much  concern 
because  they  may  considerably  affect  the  f-T 
behavior  of  resonators  and  filters  as  demonstrated 
in  the  next  paragraph.  This  type  converts  into 
etch  channels  at  a  much  faster  rate  than  type  ( 1 ) . 
(Note  that  the  terns  type  (1)  and  (2)  have  been 
arbitrarily  chosen  for  this  simplified  description. 
These  terms  have  no  relation  to  the  general  termi¬ 
nology  of  dislocation.) 

The  highest  dislocation  activity  in  r-face 
quartz  occurs  in  the  slow  X-growth  region  -  the 
region  not  used  in  production.  Under  the  present 
growing  conditions,  type  (1)  dislocations  seem  to 
be  more  represented  in  r-face  quartz  than  in  Y-bar 
quartz. 
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C.  Effects  of  Grown-ln  Strain  on  Resonator  Charac- 

tcrlatlea 

Resonators  Preparation  and  Test  Procedure 

Crystal  plates  froo  two  different  r-face  pro¬ 
duction  bars  grown  in  steel  vessels  during  1975 
were  selected  to  Include  a  wide  range  of  relative 
intensities,  shapes  and  sizes  of  strain.  The 
intrinsic  Q  of  all  of  these  bars  was  about  1.5  Bil¬ 
lion  as  deterained  by  the  infrared  method.  To 
reduce  the  number  of  variables  which  could  have 
influenced  the  outcome  of  the  evaluation,  we 
decided  on  round  15om  diameter  crystal  plates 
(instead  of  the  rectangular  type  for  MCFs)  and  on 
only  one  pair  of  round  Mom  diameter  electrodes  per 
plate  (instead  of  the  eight  pairs  per  MCF  piste). 
The  area  of  the  round  electrodes  approximated  that 
of  the  square  or  rectangular  electrodes  of  MCFs. 
Other  design  and  processing  parameters  such  as  fin¬ 
ish,  amount  of  etching,  plate  back  and  the  fre¬ 
quency  adjustment  method  were  the  same  as  those  for 
the  MCF.  After  plate  preparation  (which  included 
X-ray  testing  of  the  AT-orientation  angle  to  within 
£  10  seconds  of  arc),  base  plating  and  assembly, 
the  units  were  evacuated  and  sealed.  This  was  fol¬ 
lowed  by  testing  the  frequency,  resistance  and 
inductance  of  each  unit  over  a  temperature  range. 


Effect  of  Crown-In  Strain  on  f-T  Behavior 

Figure  8  shows  the  f-T  drifts  of  the  fifteen 
resonators  of  the  evaluation  plotted  against  the 
AT-orlentatlon  ungles.  Individual  resonators  are 
identified  by  nunbers.  Scales  and  units  of  the 
coordinates  agree  with  those  of  Figure  3.  Circles 
versus  double  circles  differentiate  between  plates 
from  the  two  r-face  bars  (identified  as  r-face 
stones  A  and  B  in  the  figure) . 

Two  best-fit  reference  lines  appear  in  Figure 
6:  one  applies  to  the  present  single  resonators, 
and  the  other  (a  dashed  line)  to  the  MCFs  of  Figure 
3.  Why  these  two  lines  do  not  coincide  is  probably 
related  to  differences  in  plate  shape,  effective 
plate  aspect  ratio  and  ratio  of  total  electrode 
area  versus  plate  area.  Some  of  this  offset  may 
also  be  related  to  differences  in  electrode  compo¬ 
sition.  Although  the  plate  back  (2% )  was  kept 
identical,  the  single  resonators  had  one  pair  of  Au 
electrodes  while  the  MCFs  had  eight  pairs  of  TiPdAu 
electrodes. 

The  difference  between  these  two  reference 
lines  becomes  insignificant  when  we  now  look  at  the 
overall  distribution  of  data  points.  The  rela¬ 
tively  large  soatter  of  data  points  is  apparently 
related  to  grown- in  strain.  We  observe  that  four 
of  the  fifteen  data  points  Indicate  poor  correla¬ 
tion  between  f-T  drifts  and  measured  AT-orientation 
angles.  With  the  aid  of  the  etch  patterns 
displayed  in  Figure  9  we  can  caapare  given  strain 
conditions  with  the  -.uality  of  correlation.  These 
etch  patterns,  when  properly  illuminated  as  here 
with  transmitted  light,  will  provide  sufficient 
contrast  for  observation  of  the  position,  size, 
shape  and  relative  Intensity  of  a  strain  area.  To 


obtain  these  etch  patterns,  the  4mm  diameter  elec¬ 
trodes  had  to  be  removed  for  subsequent  etching 
where  approximately  5pm  of  material  was  etched  away 
from  each  side  of  a  plate.  This  amounted  to  a 
total  frequenoy  change  of  325  KHz  at  8  MHz,  which 
is  equivalent  to  *  5.  All  fifteen  plates  are 

shown  arranged  with  respect  to  their  correlation 
errors  (frequenoy  offset  from  reference  line  in 
ppm).  For  a  more  detailed  view,  plate  #8  ia  also 
shown  magnified  in  the  upper  part  of  the  figure. 
(Two  broken  plates,  #1  and  2,  were  rejoined  with 
the  aid  of  a  tape  indicated  by  dark  bands). 
Periodically  appearing  white  spots  on  the  periphery 
of  plates  were  caused  by  the  holding  arrangement 
used  in  the  photographing  process. 

That  grown-in  strain  affects  the  f-T  behavior 
of  resonators  becomes  especially  evident  from  the 
plates  of  four  resonators  ( t 1 ,  3,  4  and  8)  all  of 
whioh  contain  strain  at  or  near  the  acoustically 
most  active  oenter  portion  of  the  plates  normally 
oovered  by  the  electrodes.  Worst  of  all  is  #1  with 
a  correlation  error  of  14  ppm  equivalent  to  an 
angular  error  of  about  4.5  minutes  of  arc.  Next  is 
#8  with  an  error  of  9.2  ppm,  equivalent  to  2.5 
minutes  of  arc.  In  contrast,  the  f-T  behavior  of 
other  resonators  apparently  free  of  grown-ln  strain 
(#10,  11,  12,  13,  14  and  15),  or  resonators  with 
strain  safely  away  from  the  active  plate  -center  (#2 
and  9)  correlates  well  with  the  measured  AT- 
orientation  angles. 

When  we  compare  the  data  points  of  Figure  8 
and  Figure  3,  it  can  be  seen  that  the  scatter  of 
data  points  of  single  resonators  is  much  larger. 
Although  we  have  not  individually  tested  these  MCFs 
for  grown-in  strain,  we  know  that  many  of  them  con¬ 
tained  strain  regions  (though  probably  not  of  the 
Intensity  of  resonator  #1  of  the  experiment).  We 
know,  for  instance,  that  they  were  processed  from 
the  same  sort  of  r-face  material  at  about  the  same 
time  as  the  single  resonators.  The  smaller  distri¬ 
bution  related  to  MCFs  is  not  surprising  consider¬ 
ing  that  intense  strain  incidences  are  usually  lim¬ 
ited  to  small  lateral  dimensions.  A  strain  section 
will  therefore  occupy  only  a  limited  portion  of  an 
MCF;  for  instance,  only  an  area  of  one  or  two  of 
the  eight  resonators.  Since  the  measured  f-T  drift 
of  the  MCF  is  then  represented  by  the  average  f-T 
drift  of  all  eight  resonators  on  one  plate,  the 
effects  of  the  strain  are  reduced. 

Figure  8  shows  also  that  resonators  made  from 
r-face  bar  A  (represented  by  single  circles)  occupy 
more  the  upper  section  of  the  distribution  while 
those  from  bar  B  (represented  by  double  circles) 
the  lower  section.  The  reason  for  this  duality  is 
not  known  nor  does  the  limited  number  of  samples 
allow  serious  speculations.  More  experimental  work 
on  a  larger  scale  would  be  needed  for  a  meaningful 
assessment. 

Effect  of  Grown-ln  Strain  on  Resonator  Q 

The  strain  intensity,  size  and  location  of  the 
strained  area  and  the  correlation  errors  are  tabu¬ 
lated  in  Table  1,  In  the  last  two  columns  the 
individual  Q  and  resistance  values  are  listed.  No 
apparent  differences  in  Q,  effective  resistance  and 
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Inductance  between  resonators  processed  from 
strained  or  unstrained  sections  could  be  detected. 
The  Q  and  inductance  values  also  compared  well  with 
those  of  individual  resonators  of  A6  MCFs. 

The  resistances  of  all  fifteen  plates  are  also 
shown  in  Figure  10  in  form  of  cumulative  percent. 
Plates  with  strain  within  the  electrode  area  can  be 
found  near  the  upper  end  of  this  *1.8  Q,  to  6£  range 
as  well  as  near  the  lower  end.  The  difference 
between  5 . 4J4Q,  and  5.21)11,  the  two  average  values  of 
strained  and  unstrained  plates,  is  less  than  thj 
overall  standard  deviation.  Even  the  worst  resona¬ 
tor  of  the  experiment  which  contained  very  intense 
strain  that  grossly  affected  tne  f-T  behavior  did 
not  indicate  any  unreasonable  resistance  increase . 

Grown- in  strain,  closely  associated  with 
dislocations,  is  one  of  the  basic  structural 
defects  in  cultured  quartz.  In  a  large-scale  grow¬ 
ing  process  it  can  be  controlled  but  not  totally 
eliminated.  When  cultured  quartz,  such  as  the 
relatively  fast-grown  r-face  type  originally 
designed  for  one  specific  application,  is  con¬ 
sidered  for  high  frequency  resonators  or  filters 
with  tight  requirements  on  the  f-T  characteristic, 
careful  process  controls  (e.g.  seed  selection)  are 
required.  When  the  growing  process  is  insuffi¬ 
ciently  controlled,  grown-in  strain  may  reach  very 
high  intensity  levels  or  cover  large  areas. 

Although  grown-in  strain  does  not  affect  the  Q  and 
inductance  of  fundamental  mode  8  MHz  resonators,  it 
does  have  a  large  effect  on  the  f-T  characteristic. 
Errors  in  the  correlation  between  f-T  drifts  and 
AT-orientation  angles  equivalent  to  angular  errors 
of  up  to  several  minutes  of  arc  have  been  found  in 
single  resonators.  Correlation  errors  are 
apparently  smaller  in  multiresonators  (MCFs)  than 
in  single  resonators  because  of  an  "averaging"  of 
the  individual  f-T  drifts  of  all  resonators  or.  one 
plate.  The  correlation  error  is  obviously  also  a 
function  of  position,  size  and  intensity  of  a 
strained  area  relative  to  the  acoustically  most 
active  plate  center. 

Grown-in  strain  can  be  observed  and  qualified 
in  cultured  r-face  bars,  regardless  of  thickness, 
by  optical  methods.  On  the  basis  of  observations 
made  several  years  ago  when  strain  was  insuffi¬ 
ciently  under  control,  a  model  or.  how  strain  ori¬ 
ginates  and  spreads  from  one  to  another  growing 
generation  has  been  proposed. 

The  density  of  etch  pits  and  etch  channels  at 
and  about  strained  areas  was  found  to  be  a  suffi¬ 
cient  and  quick  Indicator  for  grown-in  strain  in 
thin  crystal  plates. 

It  is  not  known  what  caused  an  apparent  dual¬ 
ity  in  the  distribution  of  data  points  of  resona¬ 
tors  made  from  two  r-face  bars  each  from  a  dif¬ 
ferent  autoclave  load.  A  full  assessment  of 
effects  on  f-T  behavior  should  include  not  only 
material  defects,  but  also  other  materiel,  growing 
and  process  related  variables.  More  work  on  the 
effects  of  these  variables  needs  to  be  done  to 
fully  evaluate  all  parameters. 
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TABLE  1 


STRAIN 

INTENSITY 

STRAINED 

AREA 

COVERED  BY 
ELECTRODE 

CORRELATION 

ERROR 

EFFECTIVE 
RESISTANCE  0 

DYNAMIC 

Q 

Plate  1 

Very  High 

Very  Large. 

Fully 

114.1  ppm 

5.9 

240000 

2 

Medium 

Small 

Not 

0.2 

5.3 

269000 

3 

Medium 

Large 

Fully 

5.7 

5.9 

240000 

4 

High 

Large 

Partially 

4.0 

5.2 

263000 

5 

Very  Low 

Large 

Not 

2.2 

4.9 

231000 

6 

High 

Small 

Not 

2.3 

5.0 

275000 

8 

High 

Large 

Fully 

9.1 

4.9 

231000 

9 

High 

Small 

Not 

0.8 

6.0 

233000 

16 

Very  Low 

Very  Large 

Partially 

2.4 

5.3 

261000 

10 

No  Strain 

Detectable 

0.12 

4.9 

233000 

11 

No  Strain 

Detectable 

0.36 

5.2 

266000 

12 

No  Strain 

Detectable 

0.0 

5.0 

275000 

13 

No  Strain 

Detectable 

0.24 

5.4 

262000 

14 

No  Strain  Detectable 

0.24 

4.8 

295000 

15 

No  Strain 

Detectable 

0.61 

5.9 

240000 

Table  I  Relative  intensity  of  strain,  site  of 
strain,  correlation  error,  effective 
resistance  and  Q  of  experimental  8.1  MHz 
single  resonators  made  from  strained  and 
unstrained  r-face  quartz. 


Figure  1  8-resonator  Monolithic  Crystal  Filter 
(A6  MCF) 
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Figure  2  Schematic  of  cultured  r-face  bar  showing 
AT-orientation  and  preferred  point  of 
observation  for  strain  inspection. 


Figure  3  Correlation  of  AT-orlentation  angle  and 
frequency-temperature  drift  of  8- 
resonator  MCFs  made  from  (non-selected) 
r-face  quartz. 
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Figure  U  Typical  appearance  of  grown-in  strain  in 
a  thick  r-face  quartz  section  observed 
25  off  Z  axis. 


Figure  5  Typical  cone-shaped  appearance  of  ini¬ 
tial  (first  order)  grown-in  strain  in 
thick  r-face  quartz  sections  as  seen 
along  X  axis. 
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STRAIN 


Figure  6  Schematic  of  cross  section  --face 

quartz  bar  with  first-order  and  higher- 
order  strain. 


Figure  8  Correlation  of  AT-orlentatlon  angles  and 
frequency-temperature  drifts  of  8.1  MHz 
single  resonators  made  frcm  strained  and 
unstrained  r-face  quartz. 
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Figure  7  Etch  patterns  show  branch-like  forma¬ 
tions  representing  dislocations  and 
associated  grown-in  strain  in  thin  r- 
face  (AT-cut)  crystal  plates  cut  from 
areas  near  seed  (left)  and  far  from  seed 
(right) . 


Figure  9  Comparison  of  etch  patterns  and  correla¬ 
tion  errors  of  crystal  plates  made  fran 
strained  and  unstrained  r-face  quartz. 


Figure  10  Effective-resistance  values  of  8.1  MHz 
single  resonators  made  fran  strained  and 
unstrained  r-face  quartz. 


92 


Ann.  Freq.  Control  Symposium,  USAERADCOti,  Ft.  Monmouth,  ilJ  07703,  May  1980 


EXPERIMENTAL  THERMAL  BEHAVIOUR  OF  BERLINITE  RESONATORS 
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ABSTRACT 

In  order  to  improve  the  crystal  quality  of 
hydrothernally  grown  Berlinite  a  study  of  the  evo¬ 
lution  of  impurities  concentration  during  growth  was 
made  as  a  fonction  of  experimental  conditions  (Tem¬ 
perature)  and  methods  (Slow  heating  or  reverse  tem¬ 
perature  gradient). 

Crystals  with  different  seeds  orientations  were 
grown  (OOOl  =  z  plate  ;  1010  a  m  face  ;  loll  =  r  face 
011 1  =  z  face). 

From  these  crystals,  Y  rotated  resonators  with 
six  orientations  ranging  form  0  =  -38”  to  5  =  + 
30°  were  cut.  Extensive  use  of  acid  etching  figures 
inspection  was  done  to  ensure  ’"hat  the  plates  used 
were  as  free  as  possible  from  macroscopic  twinning 
and  other  major  defects.  An  experimental  study  of 
the  thermal  behaviour  of  the  resonant  frequencies  Fr 
has  indicated  like  cubical  variations  for  all  the  Y 
rotated  cuts  we  have  made. 

On  the  whole  the  results  indicate  the  important 
potentialities  of  this  material  (coupling  coeffi¬ 
cient  and  thermal  behaviour)  together  with  the  need 
of  a  further  advance  towards  the  crystal  perfection 
and  in  direction  of  a  refinement  of  the  knowledge  of 
the  thermal  derivatives  of  the  material  constants. 


Introduction 


After  the  pioneer  work  of  Stanley  (1),  the 
decisive  contribution  of  Chang  and  Barsch  (2)  has 
shown  that  berlinite  is,  as  quartz,  a  thermally 
compensated  material  but  with  a  much  higher  coupling 
coefficient.  Since,  interest  for  this  material  was 
renewed  and  the  pusblished  results  of  many  research 
groups  in  USA,  Great  Britain,  Germany  and  France 
have  extend  the  knowledge  of  Berlinite  by  their 
contribution  to  : 

-  Experimental  assesment  ,.o|  p^zo^ectric  dev¬ 
ices  made  with  Berlinite  ’  ’  ’  • 

-  Crystal  .growth  arid  fundamental  studies  of  the 

material  >  >  >  . 

-  Theore^iga^  Evaluation  of  the  properties  of 
devices  ’  ’  • 


These  works  have  confirmed  the  high  coupling  of 
the  material  and  the  good  thermal  properties  of 
devices. 

At  the  Centre  National  d’Etudes  des  Telecom¬ 
munications  all  the  aspects  of  berlinite  develop¬ 
ment  were  considered.  First,  at  the  Lannion  Research 
Cent^g  a  study  of  solubility  of  A1P0,  in  H^PO,  wajj 
done1  ,  then  two  crystal  growth  methods  were  seT  up 
while  the  physico-chemical  characterization  of  the 
crystals  took  place.  At  the  Paris  research  center 
computation  of  expected  properties  of  bulk  and  sur¬ 
face  wave  devices  were  done  while  first  devices 
experiments  took  place. 

Recently,  refinements  of  the  crystal  growth 
methods  were  studied  in  order  to  produce  the  more 
perfect  and  larger  crystal  that  are  needed  in  devi¬ 
ces  applications  and  for  a  better  fundamental  know¬ 
ledge  of  the  material.  Among  them  it  was  recognised 
that  advances  in  starting  material  purification  and 
enhancements  of  seed  selection  and  preparation  was 
necessary.  In  this  contribution  we  give  results 
concerning  advances  in  crystal  growth,  together  with 
new  results  concerning  the  thermal  behaviour  of 
resonators  of  several  cuts.  A  discussion  is  then 
made  of  the  influence  of  still  existing  defects  on 
devices. 


I.  Influence  of  crystallization  conditions  on 
the  impurity  content-purification 

The  impurities  were  analysed  by  atomic  absorp¬ 
tion  spectrometry  on  crystals  grown  by  both  methods 
used  for  berlinite  growth*.  The  slow  increase  of 
temperature  method  (Method  I)  and  tjv>  reverse  tempe¬ 
rature  gradient  method  (Method  II)  \ 


Method  I  : 

The  starting  material  used  is  AlPO^'Selectipur" 
quality  powder  (Merck).  The  experiments  were  made  in 
a  saaled  glass  container  inside  the  autoclave.  Two 
solvents  were  used  :  orthophosphor ic  Acid  (H-jPO.) 
and  hydrochloric  Acid  (HC1).  The  Table  I  give  the 
impurity  concentration  in  the  starting  powder  and  in 
the  crystal  obtained  respectively  in  HCl  and  H^PO^ 
as  solvent.  Experimental  conditions  are  given  in 
table  2. 

As  expected,  a  purification  of  A1P0^  was  obser¬ 
ved  by  crystallization. 


93 


Higher  impurity  concentration  remains  in  the 
case  of  HjPO,  solvent  particulary  for  Na  and  Si. 
This  is  probably  due  to  the  higher  glass  attack 
during  the  experiment. 
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Table  1  s  Impurity  content  of  starting  material  and 
crystal  grown  in  HCL  or  H3P04  (In  ^g/g). 
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Table  2  s  Experimental  conditions  of  crystallisation 
experiments . 

Figure  X  represents  the  impurity  concentration 
as  a  function  of  the  heating  rate.  The  high  impuri¬ 
ty  content  of  crystals  grown  with  10°C/day  heating 
rate  results  probably  from  the  crystal  inclusions. 


Figure  1  :  Impurity  content  as  a  function  of  heating 
rate. 


Method  II 

The  starting  product  (nutrient)  was  crystals 
obtained  by  the  first  method  (B  crystals  in  Table  1) 
we  used  H^PO^/AIPO^  so'utiona  presaturated  at  the 
crystallization  temperature  to  prevent  unwanted  dis¬ 
solving  of  the  seeds  during  the  initial  heating  of 
the  autoclave.  Impurity  content  as  a  function  of 
crystallization  temperature  (Between  190'  and  280°C) 
is  shown  in  figure  2. 


Figure  2  :  Impurity  content  as  a  function  of  crysta¬ 
llization  temperature. 


II.  Crystal  growth 

In  an  initial  paper  we  have  reported  berlinita 
crystal  growth  by  the  slow  heating  method  and  the 
reverse  gradient  method. 

In  the  slow  heating  method,  the  growth  rate 
(0001)  versus  i  I  is  about  0.  5-48  mm  by  day  with  a 
heating  rate  of  1?5-2°C  by  day.  In  the  crystals 
obtained  in  those  conditions  inclusions  are  initia¬ 
ted  near  the  seed  and  consequently  other  defects  as 
cracks  and  twins  appear.  Those  inclusions  are  par¬ 
ticularly  increased  by  the  inhomogeneous  attack  of 
the  seed  during  the  initial  heating  of  the  autocla¬ 
ve,  the  high  growth  rate  at  the  beginning  of  the 
growth  cycle  due  to  the  profile  of  the  solubility 
curve  (  d  S/  dT  is  higher  in  this  temperature  re¬ 
gion)  .  In  order  to  diminish  the  crystal  inclusion 
content,  we  have  tried  to  lower  the  initial  seed 
attack  and  the  growth  rate.  So  we  have_  studied 
berlinite  crystal  growth  of  m  (1010),  r  (loll)  and  z 
(0111)  cuts  corresponding  to  natural  faces.  In  those 
cases  we  have  noted  an  improvement  of  the  optical 
crystal  quality  (Figures  3  and  4).  Inclusions  are 
not  formed  at  the  beginning  of  the  growth  process. 
The  growth  rate  (1010)  versus  AT  is  given  on 
Figure  5  .  On  the  other  hand,  in  the  reverse  grad¬ 
ient  method,  we  obtain  good  quality  crystals  because 
the  growth  rate  is  constant  during  all  the  experi¬ 
ment  and  is  lower  than  in  the  slow  heating  method  at 
the  beginning  of  the  growth  process. 


Figure 3  :  Crystals  grown  from  s  m  (lol  0)  seed. 
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Figure  4  :  Crystal  grown  from  a  r  (101  1)  seed. 
V(icno)  Conditions 
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Figure  5  :  Growth  rati  from  m  (101  0)  seed  as  t 
function  of  dT 

During  the  autoclave  cooling,  there  is  crystal 
etching, and  it  appear  on  crystal  faces  etch  figures 
which  allow  us  to  determine  the  crystal  orientation 
as  shown  on  Figure  6  ;  twins  may  be  observed  on  R 
faces  as  well  by  looking  at  growth  figures.  Figures 
7  shows  a  twin  boundary  as  obse> ved  in  quartz  crys- 
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Figure  6  :  Cooling  etch  figure  on  natural  faces  and 
orientation  of  important  cuts  of  berlinite. 


tals  in  the  case  of  Dauphind  twins  (  R  figures  on  the 
top  and  z  figures  on  the  bottom) .  Figures  8a  and  8b 
show  Brazil  twins  respectively  on  R  faces  and  m 
faces . 

(The  presence  of  twins  are  now  the  main  problem 
in  the  crystal  growth  of  berlinite). 


Figure  7  :  Dauphind  (Electrical)  twinning  as  obser¬ 
ved  in  a  r  face. 
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Figure  8  :  Brasil  (optical)  twinning  in  a  z  face 
(8 a)  and  in  a  m  face  (8b). 


Ill  Preparation  of  resonators 

Resonators  are  made  using  a  modified  natural 
quartz  processing  technique.  First,  by  examination 
of  natural  faces  of  the  crystals,  x  direction  is 
found  and  a  precise  X  section  is  made  for  further 
orientation  purpose.  For  Y  + 0  resonators,  a  face  Y 
+  9  is  made  from  a  natural  z  face  (Positive  angles) 
or  from  a  r  face  (Negative  angles)  Figure  6.  These 
faces  are  always  existing  in  crystals  grown  from  any 
kind  of  seed  used(§Il)  they  can  be  easily  distingui¬ 
shed  by  etch  figures  (Figure  6).  I\ates  parallel  to 
this  Y  +  0  face  are  then  sawn  with  a  very  thin  (0,1 
mm)  annular  diamond  saw  ;  the  plates  are  reoriented 
and  lapped  to  final  thickness  with  305  Al.O^.  They 
are  left  with  natural  contours  except  for  those 
which  are  polished  (with  cerium  oxyde  or  alumina) 
that  are  squared.  Four  to  six  plates  are  generally 
obtained  general  from  a  2-2.5  cm  crystal. 

The  precision  on  0  is  usually  In  the  range  of 
several  minutes  and  the  thickness  variations  across 
the  plates  less  than  1  // m.  As  a  whole,  in  terms  of 
workability,  berlinite  is  a  good  material,  and 
appears  to  be  berlinite  simi lar  to  a  borosilicate 
glass . 

Polished  plates  are  generally  examined  by  con¬ 
ventional  microscopy  to  search  for  liquid  inclu¬ 
sions,  then  all  plates  are  slightly  etched  in  a  3  % 
HF  15  %  H^PO^  solution  for  five  to  ten  minutes.  This 
etchant  give  well  defined  etch  figures  sufficiently 
small  for  a  proper  work  of  resonators.  A  stronger 
etchant  is  used  for  X  plates.  In  most  cases  X  ray- 
topography  examination  is  also  made  on  etched  pla¬ 
tes  .  c 

Electrodes  deposition  1000  A  gold,  or,  more 
recently  2000  A  Aluminium  is  made  on  zones  of  the 
plates  that  are  free  of  imperfections  observed  by 
acid  etching.  Electrode  diameter  is  chosen  to  occupy 
only  a  small  fractici  of  this  zone. 

Observation  of  defects  in  plates. 

The  principal  defects  observed  were  Dauphind 
and  Brasil  twins,  Cracks  and  liguid  inclusions. 
Their  number  and  size  were  observed  to  decrease 
strongly  as  progress  occured  in  the  crystal  growth 
studies,  however  some  may  still  be  present  on  a  more 
or  less  important  fraction  of  the  plates. 

Twinning  according  to  the  Brasil  Law  is  now  the  more 
common  defect.  The  presence  of  such  twins  can  be 
assessed  on  as  grown  crystal  by  careful  examination 
of  r,z,m  faces  ;  the  most  revealing  sign  of  their 
presence  are  V  shaped  figures  on  the  z  faces  ). 

Two  principal  morphologies  of  Brasil  twins  can 
be  observed  in  plates  : 

-  The  first  is  caractecised  by  acicular  prisma¬ 
tic  or  pyramidal  twins  with  generally  a  V  shaped 
base  section  that  aregenerally  very  small  and  hard 
to  detect.  .  They  seem  to  appear  in  last  stage  of 
growth  originating  from  a  point  often  close  to  the 
final  surface  of  the  crystal.  They  are  evidently 
related  to  the  V  shapes  observed  on  natural  faces. 


Some  examples  of  such  twins  in  X  plates  are  given  on 
Figure  9.  The  traces  of  the  same  twins  in  a  Y  rotated 
plate  are  displayed  in  Figure  10  where,  also,  etch 
figures,  typical  of  near  AT  cuts  of  berlinite  can  be 
seen.  This  type  of  optical  twinning  appears  to  be 
much  less  common  in  reverse  gradient  crystals  and  in 
small  slow  heating  crystals  ;  it  seems  to  be  related 
to  impurity  content  of  the  nutrient  solution  and 
with  solid  inclusions  in  the  crystal. 

-  The  second  type,  which  was  common  on  earlier 
crystals,  consists  in  bulky  twins  with  regular  lim¬ 
iting  surfaces  that  were  seen  inside  the  crystals 
generally  nearby  the  seed  or  its  attaching  wire. 
This  kind  of  twins  is  now  almost  eliminated  by 


F  z  minor  face 


Figure  9  :  Optical  twinning  in  an  X  cut. 

Twinning  according  to  the  Dauphind  law  was  also 
found  in  plates.  It  has  a  compact  shape  with  irre¬ 
gular  limiting  surfaces.  The  twins  sections  in  pla¬ 
tes  are  scarcely  of  very  small  dimensions  so  that 
they  can  easily  be  avoided  in  resonators. 
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Electrical  twinning  can  often  be  detected  on  as 
grown  crystals  since  when  it  occured  near  a  rhomboe- 
dral  face  it  was  revealed  by  a  step  in  this  face 
(Figure  7  )  chat  results  from  the  difference  of 
growth  rate  between  r  and  z  faces.  Etch  figures  on 
as  grown  crystals  or  on  Y  rotated  plates  allowed  to 
identify  readily  this  kind  of  twinning.  In  Figure  11 
a  typical  example  of  Dauphind  twinning  in  aY  rota¬ 
ted  plate  is  given. 


Figure  11  :  Electrical  twinning  in  s  I  rotated  cut. 


Elegtrical  twinning  which,  as  noted  in  re¬ 
ference  is  much  less  common  than  Brasil  twinning, 
was  observed  in  some  case  in  the  vicinity  of  the 
supporting  wire  or  near  cracks. 

Liquid  Inclusions  were  reported  by  Kolb  and 
LaudiseT  CHAI  et  a!  *  have  measured  a  high  water 
content  of  berlinite  crystals  that  is  probably  in 
relation  with  inclusions.  In  our  polished  plates, 
they  are  easily  revealed  by  conventional  microscopy; 

their  shapes  are  round  to  oblate  and  at  room 
temperature,  the  liquid  fills  most  of  their  volumes. 

Important  concentration  of  such  inclusions  may, 
sometimes,  be  assembled  in  surfaces  near  twins  boun¬ 
daries  (veiling).  A  such  zone  of  high  concentration 
of  liquid  inclusions  in  a  Y  rotated  plate  is  shown  on 
Figure  12. 

In  good  quality  regions  of  preSenrJsfan  often  be 
observed.  They  are  less  common  in  gradient  crystals. 


Cracks  were  common  in  earlier  crystals.  Now 
they  have  been  eliminated  from  the  reserve  gradient 
crystals. 
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Figure  12  :  Liquid  inclusions  in  a  Y  rotated  cut. 


IV  Experimental  results  with  Y  rotated  resonators 


Plates  with  orientations  Y-38°05‘  ,  Y,  Y 
+  2l°22' ,  Y  +  25°15‘ ,  Y  +  27°30',  Y  +  29°00’  were  cut 
as  described  infill  from  crystals  grown  in  sec^jid 
half  of  1979  by  methods  described  in  reference1  . 
Most  of  these  cuts  are  in  a  lattice  plane  direction. 
Two  to  four  resonators  with  no  major  defects  under 
or  nearly  the  electrodes  were  obtained  from  one 
crystal  in  each  case.  A  polished  resonator  is  dis¬ 
played  in  Figure  13.  Plates  were  measured  in  a 
network  comprising  two  10  dB  attenuators  on  each 
side  of  the  resonator  with  a  Hewlett  Packard  8045A 
Vector  voltmeter  in  a  set  up  which  was  otherwise  the 
one  described  in  the  IEC  444  recommandation.  Maximum 
and  minimum  amplitude  frequencies  and  zero  phase 
frequencies,  when  permitted  by  the  Q  factor,  were 
measured  together  with  attenuation  at  resonance. 
Estimated  precision  on  remarquable  frequencies  is  + 
10  .  Temperature  measurements  were  made  with  a 

platinium  resistance  thermometer  which  has  a  resolu¬ 
tion  of  10  °C. 


Figure  13  :  Polished  Y  +  29°  resonator. 
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At  room  temperature,  Q  jf  actors  o|  the  reso¬ 
nators  are  in  the  range  of  10J  to  3.  10  . 

The  frequency  constants  at  room  temperature, 
reproducible  from  sample  to  sample  of  same  orien¬ 
tation,  are  in  good  agreement  with  $he  computed 
values  obtained  as  described  earlier  .  They  are 
given  in  table  -3  where  the  precision  of  experimental 
values  is  assumed  to  be  better  than  a  few  percent 
(Mass  loading  effect  +  thickness  measurement 
errors) . 

In  these  experiments,  the  coupling  coefficients 
were  generally  lower  than  the  theoretical  values, 
this  may  be  due,  in  part,  to  an  energy  trapping 
effect  related  to  the  fact  that  we  use  electrodes 
much  smaller  to  what  may  be  permitted  by  spectral 
purity  criterium.  This  effect  was  alreaij^  encounte¬ 
red  with  another  high  coupling  material  .  An  other 
explanation  will  be  given  in  the  discussion. 


Table  3 


v-38*05* 

Y 

y'21‘22' 

v«?V96* 

y»27‘30' 

Y^'OO' 

HEAK  IHICKNESS(HH) 

.  1725 

.  199 

.  199 

.180 

.  185 

.  293 

Nrft  MEASURED 

2099. 

1662. 

1952. 

1955. 

1979, 

1993. 

NfA  HEASUAEO 

2107. 

1668. 

1960. 

1958. 

1968. 

1955. 

HE,  COMPUTED 

2100. 

1665. 

1955. 

JIM. 

1939. 

1932. 

Nf3  COMPUTED 

2122. 

1695. 

1977, 

1966. 

1950, 

1998. 

Table  3  :  Frequency  constants  at  20°C  for  six  Y 
rotated  cuts  (kHz. MM). 


Figure  14  :  Experimental  theimal  behaviour  of  a  Y 
resonator . 


Thermal  variations  of  the  remarkable  frequen¬ 
cies  were  measured  from  -50°  to  +  150°.  The  results 
are  displayed  in  Figure  14  to  17.  (Other  results  are 
in  Figure  19).  Generally,  only  slight  differences 
are  observed  between  samples  of  same  orientation,  a 
typical  case  being  those  of  Figure  17.  However  for  Y 
plates,  a  large  difference  was  recently  observed 
(Figure  14) . 


Ejgure:15  Thermal  Behaviour  of  a  Y+21*  Berlinite 
Resonator 


Figure:  16  Thermal  behaviour  of  a  Y  +  23* 
Berlinite  resonator 
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•pie  experimental  difference  between  thermal 
behaviour  of  fa  and  fr  is  much  smaller  to  what  can 
our  previous  theorical  calcula- 
_ 15  we  can  see  a  typical  example  of 

this  fact. 

Comparison  of  thermal  behaviour  with  Quartz 


be  expected  from 
tion  .  On  Figure 


On  Figure  19  we  have  put  together  our  results 
now  refered  to  the  temperature  of  the  inflexion 
point  in  each  case.  Computed  results  for  correspon¬ 
ding  cuts  of  quartz  are  displayed  on  Figure  20  From 
the  comparison  we  can  infer  that  except  near  the  AT 
and  BT  cut  that  are  not,  now  determined  with  a 
sufficient  precision  for  Berlinite  (The  AT  cut  is 
|^p|cted  to  lie  between  9  *  28°  and  9  «  30° 
,  Temperature  behaviour  of  this  material  seems  to 
be  more  favourable,  so  is  the  angular  sensitivity 
of  the  temperature  coefficient.  The  results  of 
figure  19  seem  to  be  in  good  agreement  with  those 
already  published  in  reference1  .  On  Figure  21  a 
comparison  is  made  of  the  electrical  response  of 
resonators  made  of  quartz  and  of  berlinite. 


Figure:  17  Experimental  Frequency  -  Temperature 
Behaviour  of  a  Y*27*  30'  Cut 

An  "apparent"  third  order  behaviour  was 
observed  for  all  Y  rotated  cuts  already  experimented 
with  inflexion  temperatures  in  the  range  45°-50°C. 

In  several  cases  the  variations  of  the  resis¬ 
tance  versus  temperature  was  observed  to  have  a 
maximum  near  the  inflexion  temperature.  Such  a  beha¬ 
viour  is  shown  in  Figure  18  for  a  Y  +  21°  22' 
resonator. 

The  coupling  coefficients  of  the  resonators  as 
computed  by  th»  relation  2  n  fr  n  ft 

k  =-nr-co'9  -nr- 

have  small  temperature  variations  in  the  range  -50° 
to  +  150°C. 


Figure  :18  Thermal  behaviour  of  the  resistance  of  a  Y»2T22‘ 
Berlinite  resonator 


Figure:  19  Summary  of  principal  results  now  refered  to 
the  inflexion  temperature  of  each  case 
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Figure: 20  Computed  results  for  similar  cuts  of  quartz 
(Same  scale  as  figure  19  I 


df  (kHz) 

Figure  21  Compared  amplitude  versus  frecuercy 

response  of  quartz  and  Berlimte  resonators 


V  Discussion  of  the  results 


Several  facts  indicate  that  parts  of  the  ob¬ 
tained  results  may  not  be  intrinsic  features  of 
perfect  berlinite  material  : 

1)  The  differences  observed,  for  the  thermal 
variations  of  the  frequencies  and  for  the  coupling 
coefficients,  of  samples  with  identical  orientation 
are  larger  than  can  be  explained  by  orientation  or 
measurement  errors  (Figure  17). 

2°)  A  careful  examination  of  present  Al/I  (T“) 
results  by  polynomial  least  squares  analysis  indi¬ 
cate  that  they  cannot  be  fitted  exactly  by  polyno¬ 
mials  of  third  or  even  fourth  degree  so  that  tempe¬ 
rature  coefficients  with  orders  greater  to  3  have 
with  present  samples  a  much  larger  value  than  for 
usual  piezoelectric  material. 

3°)  New  experiments  with  Y  plates  indicate  a 
different  thermal  behaviour  as  can  be  see  in  Figure 
14. 

4°)  In  this  discussion  we  must  indicate,  that 
one  of  us,  in  collaboration  with  C.  Ecolivet  of  the 
Rennes  University  has  made  Srilloin  scattering 
measurements  of  the  thermal  variations  of  some 
berlinite  elastic  constants  from  room  temperature 
to  the  transition  temperature.  The  obtained  results 
indicate,  at  all  temperature  a  thermal  behaviour  of 
the  elastic  constants  quite  similar  to  those  of  the 
corresponding  constant  of  quartz. 

The  higher  order  temperature  coefficient  of 
material  constant  that  can  be  obtained  from  these 
measurements  are  much  lower  than  values  derived 
5from  CHANG  and  BARSCH  experiments^  or  that  compu¬ 
ted  from  results  of  Figure  19. 


Effect  of  impurities  on  Q,k,N^r. 

In  our  plates  may  exist  very  small  Brasil 
twins  that  can  not  be  seen  by  etch  figures  exa¬ 
mination  and  liquid  inclusions  together  with  impu¬ 
rities,  point  defects,  dislocations  etc... 

Liquid  inclusions  must  introduce  a  strong  dissipa¬ 
tion  in  the  plates  especially  in  our  case  of  a  shear 
wave  propagation.  This  attenuation  can  be  tempera¬ 
ture  dependant  since  the  filling  of  inclusions  is 
varying  with  temperature. 

The  liquid  inclusions  may  also,  by  a  short 
circuiting  effect  lower  the  coupling  coefficient 
but,  in  this  matter,  the  major  influence  seems  to 
be  assigned  to  Brasil  twinning  :  In  Y  rotated  plate 
electrically  excited,  with  twins,  the  shear  motion 
take  place  in  a  direction  (+  x)  which  is  given  by 
the  majority  twin  while  the  minority  twin  destroys 
the  charge  build  up  on  electrodes  and  adds  inertia, 
hence  reduces  the  coupling  coefficient  (All  this  is 
due  to  the  reverse  direction  of  its  x  axis).  This 
leads  also  to  electrical  dissipation  which  lowers 
the  Q  factor. 

Since  the  phase  velocities  in  the  two  parts  of 
a  Brasil  twinning  are  the  same,  this  defect  can  be 
assumed  to  introduce  in  first  approximations  no 
important  effect  on  frequency  constants.  The  other 
defects  may  also  be  supposed  to  give  no  major 
change  on  that  properties. 
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All  the  previously  considered  defects  may  have 
2  order  influences  on  frequency  through  : 

1°)  The  composite  nature  of  the  resonators 
when  twins  or  inclusions  are  present. 

2°)  The  eventual  modification  of  material 
constants  they  involve  (Impurities...). 

3°)  Their  influence  on  energy  trapping  (Dau- 
phind  Twins). 

In  some  case  these  influences  may  be  tem¬ 
perature  dependant  so  that  differences  between 
•Af/f  (T)  results,  which  are  small  and  sensitive 
quantities  may  be  explained. 

Recently,  experiments  made  with  deeply  twinned 
plates  have  confirmed  that  twins  (or  the  associated 
defects)  have  negligible  influences  on  frequency  con¬ 
stants  but  that  they  modifie  the  / 1  (T*)  results  in 
increasing  the  value  of  the  two  extrema  while  slighly 
shifting  the  temperature  of  these  extrema  (the  shape 
of  <Af/f(Tc)  remains  apparently  cubical).  Twinning 
appears  thus  to  increase  greatly  the  higher  order 
temperature  coefficients  of  frequency. 


Conclusion 


An  efficient  method  was  presented  to  reduce 
the  impurity  content  of  the  crystals  together  with 
new  advances  in  crystal  growth  methods.  Experimen¬ 
tal  results  with  Y  rotated  resonators  have  given 
further  evidences  of  the  interest  of  berlinite  for 
frequency  control  devices. 

This  material  seems  to  have  the  following 
advantages  over  quartz  : 

-  A  much  higher  coupling  coefficient 

-  A  lower  angular  sensitivity  of  the  tempe¬ 
rature  coefficients  of  frequency. 

Further  evidences  of  the  possibility  of  an 
intrinsic  excellent  (similar  to  those  of  AT  Quartz) 
thermal  behaviour  of  devices  were  obtained  and  it 
appears  that,  as  crystal  quality  increases  the 
higher  order  temperature  coefficients  of  the  mate¬ 
rial  constants  seem  to  decrease. 

On  the  whole,  this  material  already  surpasses 
quartz  for  several  properties  that  are  of  major 
importance  in  frequency  control  devices.  This  feet 
is  a  full  justification  to  the  new  researches  to¬ 
ward  further  advances  in  crystal  perfection  and 
size  that  are  planed  in  many  country  and  that  are 
needed  before  an  industrial  development  can  take 
place. 
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Netplane  Data  for  Quartz,  Berlinite,  LiTaO^  and  LiNbO^ 


Ernst  Knolmayer 


Quarzkeramik  GmbH  D-8035  Stockdorf  (West  Germany) 


Summary 

For  Quartz  and  berlinite  the  data  are  computed 
for  the  same  small  positiv  indices  because  these 
crystals  belong  to  the  same  space  group.  For 
LiTaO,  and  LiNbO,  the  data  are  computed  for  the 
following  range  of  indices  h=  -5  to  5i  k=  -5  to 
5,  1=  0  to  9.  These  two  crystals  belong  to  the 
same  space  group.  For  these  two  crystals  the 
data  are  computed  only  for  those  indices  which 
satisfy  the  conditions  for  possible  reflections 
and  for  which  the  sum  of  the  absolute  values  of 
the  indices  is  smaller  than  13  and  for  which  the 
Bragg  angles  are  smaller  than  70°. The  data  are 
computed  for  20°C  and  25°C. 

Half  circle  diagrams  were  made  for  the  netplanes 
and  cuts  parallel  to  the  X-axis. 

The  data  are  computed  for  the  CuK  line. 

The  data  for  quartz  are  more  accurate  than  the 
data  for  the  other  three  crystals. 


Introduction 

For  the  Xnray  orientation  of  a  crystal  plate  there 
are  three  important  angles.  Two  of  these  determine 
the  position  of  the  netplane*  Fig.1.  The  third 
angle  is  the  Bragg  angle 


These  angles  depend  on  the  Miller  indices  of  the 
netplanes  and  on  the  lattice  parameters.  Because 
the  lattice  parameters  sure  temperature  dependent 
these  angles  are  also  temperature  dependent.  The 
three  angles  may  be  computed  by  the  following 
equations  (1) 


Y=cos‘’ 

c=tan"' 

©=sin'' 


(ot)  “tar* 
•) 


I  h+2k 

hvr, 

Mr) 


where  d= 


i? 


TT 


y(h+hk+k2  )*Xe7*fT' 


h,  k,  1  indices 
c,  a  lattice  parameters 
©Bragg  angle 
XX-ray  wavelength 

Because  equation  for  £  do  not  contain  the  lattice 
parameters  this  angle  is  tempera tuie  independent. 

The  lattice  parameters 

The  data  are  computed  from  the  following  values 


of  the  lattice  parameters 
Lattice  parameters  in  nm  (loX  =  1  nm) 


a 

c 

Crystal 

20  C 

25  C 

20°C 

25°C 

Quartz 

Berlinite 

LiTaO, 

LiNbO' 

0.491291 ±2 
0.494276 
0.515383 
0.514806 

0.491323+2 

0.494316 

0.515426 

0.514844 

0.540461  il 
1.09737 
1.376276 
1.386291 

0.540485±1 

1 .09741 

1.376351 

1.386323 

CuK  Q1  =  0.1540562  nm 


For  Berlinite,  LiTaO,  and  LiNbO,  these  values  are 
calculated  by  means  of  the  thermal  expansion 
coefficients  from  values  measured  at  other  tempera¬ 
tures.  If  only  one  reflection  is  measured  the 
change  of  0  by  temperature  causes  an  error  of  the 
measured  cut  angle.  The  data  are  applicable  to 
evaluate  this  error  even  if  the  seconds  of  the 
angles  themselves  are  not  accurate. 

The  Conditions  for  Possible  Reflections 

At  LiTaO,  and  LiNbO,  (space  group  R3C)  only 
those  netplanes  are  reflecting  which  satisfy  the 
following  conditions 

-h+k+1  =  3  n,  1  =  2nif  h=  -k,  n  integer 

Therefore  it  is  not  reasonable  to  compute  the  data 
only  for  positiv  indices. 


References:  1.  Heisingj  2. International  Tables 
for  x-ray  Crystallography;  3*  Landolt-Bornstein 
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NEW  METHOD  TO  SAW  QUARTZ  SLIDES 
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SUMMARY 

To  cut  a  slide  in  a  quartz  block,  whether 
synthetic  or  natural,  the  block's  orientation  at 
the  moment  it  is  attached  to  the  sawing  table  must 
first  be  known. 

With  the  presently  proposed  method,  the  quartz 
block  is  placed  directly  on  the  saw.  A  particular 
reference  surface  is  not  delimited,  but  the  slide's 
angular  position  with  respect  to  both  the  saw  and 
the  crystal  lattice  is  determined. 

This  method  is  applicable  if  orientation  of  the 
two  preliminary  slides  can  be  determined.  The 
orientation  measurement  is  made  by  X  ray  diffraction. 
From  the  values  obtained  this  way,  the  angular 
positions  which  will  give  the  expected  slide 
orientation  are  calculated.  Rotation  calculation 
principles  needed  for  sawing  are  based  on  the  pos¬ 
sibility  of  positioning,  in  the  crystal  system, 
the  goniometric  device  axis  which  remains  fixed 
with  respect  to  the  block. 

Results  are  given  for  several  doubly  rotated 
cuts. 

Key-words 

Crystal  sawing  methods,  quartz  slides,  orientation 
measurements,  X-ray  goniometry,  doubly  rotated 
cuts. 


INTRODUCTION 

When  cutting  a  quartz  slide  with  a  specific 
orientation  the  spatial  geometry  of  the  quartz 
must  be  taken  into  consideration.  To  overcome  this 
spatial  geometry  problem  when  cutting  a  quartz 
slide  with  a  predetermined  orientation  a  series  of 
operations  must  be  done  to  position  the  quartz  in 
front  of  the  saw.  GORDON  and  al .  (1943){1)  have 
suggested  rather  complex  solutions. 

Once  a  block  without  any  optical  twinning  has 
been  selected  the  reference  surfaces  are  defined  : 
the  X  and  Z  cuts  are  checked  by  X-ray  diffraction. 
The  +  and  -  direction  of  the  electrical  axis  of 
the  observed  block  is  determined.  These  preliminary 
operations  are  facilitated  if  a  cultured  instead 
of  a  natural  quartz  is  used.  However,  the  highly 
accurate  checking  of  the  X  and  Z  faces  is  not 
eliminated.  Then,  once  the  position  of  the  quartz 
axis  system  is  known,  the  block  is  set  on  the  saw 
table  so  that  the  crystal  axis  system  coincides 
with  that  of  the  goniometric  device  axis.  Now,  the 
angular  positions  to  be  displayed  on  the  saw 


graduations  for  the  required  cut  can  be  calculated. 
W.L.  BOND  and  al .  (1977)  (2).  If  an  X-ray  gonio¬ 
meter  is  available  to  measure  the  blank  of  any 
orientation,  J.F.  DARCES  and  al .  (1978)  (3),  a 
more  direct  method  can  be  used.  Instead  of  having 
to  prepare  the  reference  faces  before  setting  the 
block  on  the  goniometric  saw  device  the  block  that 
is  free  of  optical  twinning  is  put  directly  ontoj 
the  saw  table. 

The  block  can  be  of  almost  any  shape  and  is 
glued  onto  a  glass  plate  which  is  firmly  attached 
to  the  goniometric  device.  Two  slides  are  then  cut 
and  the  angular  position  of  the  saw  is  read  off 
for  each  cut.  These  two  slides  are  then  used  as 
reference  surfaces.  Their  orientations  are  measured 
and  then  the  two  angular  positions  to  be  displayed 
on  the  saw  graduations  to  obtain  the  required  cut 
are  calculated. 

Basically  the  principles  of  these  two  methods 
are  the  same,  but  instead  of  using  common  reference 
planes  two  general  ones  were  chosen.  The  advantage 
of  this  wil  be  shown  later. 


DESCRIPTION  OF  APPARATUS 

To  follow  the  calculations  required  for  cut¬ 
ting  we  will  begin  by  defining  the  three  axis 
systems  and  the  effect  of  the  two  rotation  move¬ 
ments  that  have  to  be  used. 

1  -  AXIS  SYSTEMS 

-  OXYZ  saw  axis  system 

-  ^^goniometric  device  axis  system 

-  a,b,c  crystal  axis  system 

To  illustrate  this  presentation  we  have  shown 
photos  of  the  laboratory  saw  that  was  used  to 
develop  this  method. 

-  OXYZ  axis  system  (saw  coordinates) 

This  is  attached  to  the  saw  frame.  The  OZ  axis 
is  vertical  and  corresponds  to  the  rotation  axis 
on  the  goniometric  device  on  which  the  crystal  is 
fixed.  The  Ov  axis  coincides  with  the  saw  cutting 
disk  rotation  axis.  This  OX  axis  is  perpendicular 
to  the  OZ  and  OY  axes. 

Whatever  the  crystal  position  on  the  saw  table  may 
be  later,  the  sawing  plane  is  always  XOZ.  This 
means  that  when  an  (yxwl)  <f>/9  cut  is  made  the 
geometric  perpendicular  to  the  slide  N  is  the  OY 
direction.  (Figure  1).  9 
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Figure  1 

OXYZ  axis  system  (saw  coordinates). 


-  Oxyz  axis  system 

This  is  attached  to  the  goniometric  device. 
The  crystal  is  fixed  to  this  axis  system.  The 
Ox  direction  is  parallel  to  the  goniometric 
device  horizontal  rotation  axis.  Then  using 
this  Oy  and  Oz  are  defined  as  the  directions 
which  are  parallel  to  the  OY  and  OZ  directions 
when  all  the  goniometric  device  graduations  are 
on  zero.  (Figure  2). 


Figure  2 

Oxyz  and  OXYZ  axis  systems. 


-  a,b,c  axis  system  (crystal  coordinates! 

This  is  a  crystal  axis  system  that  is  fixed 
in  the  former  axis  system.  This  can  be  in  any 
position  in  relation  to  this  Oxyz  axis  system. 
This  method  is  very  different  from  the  classical 
methods  where  the  crystal  axis  system  is  the  axis 
system  defined  by  the  IRE  convention  i.e.  the 
electrical,  mechanical  and  optical  axes.  Before 
sawing,  these  three  orthogonal  axis  systensare 
superimposed.  With  the  present  method  there  is  no 
need_^t§  yse  the  IRE  convention  axis  system  and 
the  a,b,c  cell  axis  system,  which  is  closer  to 
the  diffraction  phenomenon,  is  easier  to  handle. 


2.  THE  EFFECTS  OF  THE  ROTATION  MOVEMENT  OF  THE 
GONIOMETRIC  HEAD 


The  origins  on  the  saw  graduations  are  defined 
when  the  Oxyz  axes  are  parallel  to  OXYZ.  Sawing, 
we  can  obtain  any  N  direction  after  two  rotations 
9i 

one  round  the  vertical  OZ  axis,  the  other  round 
the  horizontal  Ox  axis. 

After  the  first  rotation  round  the  OZ  axis, 
the  Ox  direction  is  on  the  Ox^  direction,  and  after 

the  second  rotation  round  the  Ox^  axis,  the  Oz 

direction  is  on  the  0zi  direction.  The  displayed 

angles  on  the  goniometric  device  are  r  and  r7  . 

xi  S' 


N  is  given  by  r  ,  r7  . 
yi  *i  i 


With  this  geometrical  situation,  the  rotation 
order  is  of  no  importance  because  the  Ox  axis  is 
carried  by  the  rotation  round  the  other,  i.e.  OZ 
axis.  If  me  measure  this  slide  orientation  of  an 
X-ray  goniometer,  the  same  N  cut  is  defined  by 

9i 

the  goniometer  graduations,  r  and  r7  ,  and  by  its 

X1  l\ 

crystal  axis  system  coordinates  :  y-  ,  y<  >  y<  . 

h  'z  ’3 


-  Going  from  one  slide  to  another  which  is 
differently  orientated.  ~ 

Let  N„  and  N  be  two  different  orientated 
9i  9-i 


cuts.  If  N„  is  obtained  witn  r 
9i 


and  r7  and  N 
xi  S  9j 


with  r  and  r7  we  go  from  one  to  the  other  by 
Xj  3 

the  angular  variation: 


rx  and  rz  mean  only  a  position  variation  on  the  saw 

graduations,  i.e.  we  go  from  N  to  N  with 

9i  9j 

rotations  round  the  Ox  and  OZ  axes  of  r  and  r7 
amplitudes. 
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-  Particular  function  of  the  Ox  axis 


From  scalar  products 


Between  the  quartz  crystal  and  the  saw,  the 
goniometric  device  acts  as  Hooke's  coupling.  A 
part  of  the  goniometric  device  is  part  of  the 
saw  and  the  other  part  is  attached  to  the  crystal. 
The  horizontal  Ox  axis  is  a  direction  bound  to  the 
saw  but  motionless  in  the  crystal.  It  is  used  to 
define  the  required  cuts  in  the  crystal  space. 

Remark  :  According  to  the  saw  type,  this  axis 
may  be  in  a  vertical  position.  This  is  not  of 
importance  for  the  principle  calculations. 


°'*'l,91  *  iyi‘1  “s  '  "g, 

°h2  ■  ly*1  ck  ■  % 

but  <fx.agi .  (p  »9i  t ,  *9;)J9i 

■ p  *9j  ♦ "  \  \ 


sin  r7 

sin  r7 
LZ 


CALCULATIONS  REQUIREO  FOR  SAWING 


N„  and  N  :  two  slides  which  are  obtained 
9i  9j 

without  rotation  round  the  horizontal  Ox  axis  and 
which  only  rotate  round  the  vertical  OZ  axis. 
Consequently  r  =  r  and  the  slides  are  situa- 
X1  x2 

ted  in  the  plane^which  is  perpendicular  to  OZ. 

We  can  express  0"x  in  terms  of  flg  and  Rg  by  the 

following  relation  : 


Ox  =  p  +  q  1 
\  92 

p  and  q  are  such  that  | Ox |  =  1. 

To  know  the  Ox  orientation  in  the ^rystal 
space,  p  and  q  are  calculated.  The  (Ox,  N„  )  and 

9i 

(Ox,  )  angles  can  be  defined  either  from 
g2 

reading  on  the  saw  graduations,  or  from  scalar 
products. 


-  By  reading 

The  (5x,  ft  )  angle  is  equal  to  the  ((5x,  0"V) 
91 

angle  when  the  N  blank  is  cut.  (Figure  3) 


*1 


We  have  : 


and 


(°x,  =  \  -  rZj 

(Ox,  ft^)  =  %  -  rz 2 


Figure  3 


and  Ox.ft„  =  p  S„  .1  +  q  ft  2 

92  91  g2  g2 


Let 

l\l  =  M2 

VV" 


There  are  two  unknowns  p  and  q  in  two  equation 
system  which  must  be  solved. 


+  q  M  =  M,  sin  r7 

1  Zj 


sin  r7 
L1 


Once  p  and  q  are  known,  the  Ox  direction  is 
defined  in  the  crystal  space  by  the  following 
numbers  : 

hx  =  py1]L  +  qy2j 

kx  =  p^i2  +  gy22 

'x  -  Pyl3  +  qV23 

Remark  I  :  It  is  possible  that,  because  of  the 
crystal  symmetry,  we  do  not  use  the 
same  axis  system  for  the  two  N  and 

91 

N  slides  when  calculating  their 
g2 

orientation.  The  previous,  condition 
have  to  be  checked  to  see  that  the 
calculated  angle  for  these  two  direc¬ 
tions  is  really  equal  to  the  rz  angle 

which  is  the  rotation  angle  round  the 
vertical  axis.  If  this  is  not  so,  we 
have  to  change  the  axis  sign  for  one 
of  the  measures. 

Remark  II  :  To  calculate  the  Ox  position  in  the 
crystal,  it  is  possible  to  define  the 
two  cuts  N„  and  N„  differently, 
gl  g2 

particularly  with  a  rotation  round  the 
Ox  axis.  The  solution  which  is  sugges¬ 
ted  here  corresponds  to  the  simplest 
calculations. 
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ROTATIONS  TO  BE  DISPLAYED 


We  want  to  obtain  a  Ng  blank  that  will  be 

defined  |yxwl )<t>/6  using  the  IRE  conventions.  In 
the  a,£,c  crystal  axis  system,  this  direction  cor¬ 
responds  to  the  y, ,  yz,  y3  numbers.  Let  the  last 

measured  slide  N„  be  one  of  the  slides  which  are 
9L 

used  to  define  the  Ox  direction.  We  must  find  the 
r  and  r7  rotation  values  which  will  change  N 

A  L  9^ 

to  Ng. 

In  the  crystal  space,  three  directions  are 
known. 

-  The  fig  direction  is  the  expected  direction 

-  The  direction,  the  last  measured  direction 

-  The  0"x  direction,  defined  from  calculations. 

These  three  directions  define  a  spherical 
triangle.  From  the  scalar  products,  we  calculate 
the  three  following  angles  : 


r  ■  (Ox,  «s) 

8  ■  <v  V 

n  =  (Ox,  fi_  ) 

gL 


When  turning  round  the  Ox  and  Oz  axes,  this 
triangle  turns  without  distorting.  Taking  into 
consideration  how  the  apexes  shift,  we  can  see 
that  the  rx  and  r^  angle  calculations  are  very 

simple.  When  the  goniometric  device  moves,  the  OY 
axis  does  not  move,  defining  the  cutting  plane, 
and  the  Ox  axis  stays  in  an  horizontal  plane  which 
is  perpendicular  to  OZ.  When  cutting  from  Ng  to 

Ng,  the  spherical  triangles  moves  in  space. (Fig.  4.) 


Figure  4. 


For  the  first  blank,  Ng  coincides  with  Y 

(Figure  4a)  for  the  second  blank,  Ng  coincides 

again  with  Y  (Figure  4b).  Ox  remains  in  the 
horizontal  plane.  The  Ng  cut  is  deduced  from  the 

N  cut  by  the  r  and  r,  angles.  By  developing 

»L  A  L 

the  two  possible  cases,  we  can  see  that  the 
rotation  order  is  of  no  importance. 


-  First  rotation  round  Ox  (Figure  5) 


When  the  N  slide  is  cut,  the  xY  arc  is  equal 
9L 

to  n  (figure  5a).  We  turn  round  the  Ox  axis  to 
keep  N  in  the  horizontal  plane  (figure  5b).  The 


rx  angle  around  which  we  turned  is  the 


{Ng x  V 


angle  of  the  spherical  triangle.  From  this  posi¬ 
tion,  we  turn  the  goniometric  head  around  the  OZ 
axis  of  an  angle  rz  =  n  -  t  to  bring  Ng  on  Y 

(figure  5c).  Then  the  saw  is  in  right  position  to 
cut  the  expected  blank. 

All  these  movements  are  summarized  (figure  5d) 
by  the  spherical  triangle  x  NS. 


Figure  5. 


-  First  rotation  round  OZ  (figure  6) 

The  same  starting  position  is  described  in 
figure  6a.  The  rotation  around  the  OZ  axis 
maintains  x  and  N  in  the  horizontal  plane,  N 

9L  9l 

goes  to  S  (figure  6b).  The  second  rotation  round 
Ox  sets  Ng  on  Y  (figure  6c).  The  movements  are 

summarized  in  figure  6d.  We  can  see  there  the 
same  spherical  triangle  as  in  figure  5d.  Both 
ways  are  equivalent. 
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•Figure  6 


The  angle  of  the  x  apex  is  the  required  rx 

angle.  When  solving  the  T  spherical  triangle 
the  rx  angle  is  given  by  : 

-  cos  6  -  cos  t  cos  n 
co  rx  sin  r  sin  n 


the  rx  sign  is  the  same  as  that  of  the  Ox,  Ng, 

N_  axis  system. 
gL 


The  arc  NS  equal  to  the  expected  rz  angle 
y 


IS 


-  Calculation  of  Arx  and  Arz 


Mismeasurements  of  the  orientation  of  the  two 
preliminary  slides  N„  and  N„  modify  the  position 
91  92 


of  Ox  in  space.  An  analytical  determination  of 
these  effects  is  difficult.  The  result  are  obtained 
by  spheric  trigonometry.  But  a  computerized  method 
taking  into  account  all  the  possible  errors  provi¬ 
des  the  numerical  value  of  the  drx  and  drz  errors 

on  rx  and  rz.  If  the  misread  errors  are  added  we 
obtain  Arx  and  Arz  which  represent  the  total  error 
on  rx  and  r^. 


-  Calculation  of  the  e  divergence 

From  Arx  and  Arz  we  now  obtain  the  e  diver¬ 
gence  between  the  expected  orientation  and  the 
obtained  one. 

Suppose  that  E  is  a  spherical  triangle 
(figure  7)  with  the  apexes  x,  Ng  exp,  Ng  obt. 


exp 


Figure  7 


rz  =  n  -  t 

Results  are  given  for  doubly  rotated  cuts  in 
table  I,  II,  III.  These  cuts  are  arbitrary  cuts 
without  applications. 

The  rx  and  rz  angular  positionsdisplayed  are 

in  fact  the  sum  of  the  displayed  angles  with  the 
Ng  cut  and  the  calculated  values  by  spherical 

trigonometry. 


SAWING  ACCURACY 


-  First  the  effects  of  errors  during  the 
orientation  measurements  giving  rx  and  rz  are 

calculated. 

-  Then  an  e  angle  divergence  between  the 
expected  slide  and  the  obtained  one  is  determined 
when  all  the  possible  errors  have  been  taken  into 
account. 

Finally  by  finding  the  right  position  of  the 
crystal  on  the  table  the  divergence  e  can  be 
reduced. 


The  obtained  quartz  slide  Hg  is  on  the  Y  axis,  e 

is  the  arc  (Ng  exp,  Ng  obt).  As  the  T  triangle 

has  just  been  solved  and  then  using  E,  e  can  be 
calculated  from  Arx  and  Arz> 

The  E  and  T  spherical  triangles  are  almost 
similar,  but  now  the  unknown  value  is  e  instead 
of  rx  and  rz. 

-  Best  crystal  position 

When  the  spherical  triangle  T  is  solved  the 
choice  of  the  last  preliminary  slide  Ng  may  have 

an  influence  on  the  magnitude  of  the  orientation 
accuracy. 

Effect  on  drx  : 

When  the  differential  is  written  as 


drx=  W  d6  +  3r  dT  +  3n  dr| 

then  if  6  is  small  we  only  have  : 

dr  =S- 
x  sin  t 

where  drx  is  a  minimum  value  if  t  equals  tt/2. 
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CONCLUSION 


and  5  the  (N  ,  N  )  arc. 
y-j  y 

Ng  is  the  expected  orientation  without  errors, 

the  incertainty  of  6  is  only  linked  to  the  mis- 
orientation  Am  of  the  last  slide  N  . 

gL 

Thus  if  6  is  small  and  t  near  u/2,  drx  is  clo¬ 
se  to  Am  in  the  upper  values. 


This  method  provides  considerable  economy, 
greatly  reduces  waste  when  cutting  and  eliminates 
unnecessary  tooling.  It  is  most  suitable  when  a 
set  of  different  e,<f>  slides  is  needed  for 
research  purposes.  At  the  present  time  a  model  is 
being  developed  for  industrial  use. 


Effect  on  dr^  : 

r^  is  equal  to  n  -  t  and  under  the  former 

condition  the  spherical  triangle  T  is  quite  flat 
and  the  position  of  Ox  does  not  change  the  dif¬ 
ference  between  n  and  t.  The  errors  can  only  come 
from  the  position  of  N  and  N  .  In  the  same  way, 
9  9l 

drz  is  equal  to  Am. 


The  highest  accuracy  is  obtained  if  the  quartz 
block  is  placed  on  the  table  in  such  a  position 
that  the  expected  slide  is  almost  parallel  to  the 
Ox  direction,  which  is  the  direction  of  the  gonic- 
metric  table  axis  attached  to  the  crystal  (condi¬ 
tion  t  =  u/2). 


As  well  it  is  useful  to  select  one  of  the  two 
preliminary  si  ides  close  to  the  expected  cut  (6 
small  condition). 

Naturally,  after  checking  the  expected  cut, 
the  6  small  condition  is  convenient.  If  the  first 
cut  is  not  the  correct  one,  we  may  use  the  values 
of  this  slide  in  the  Ox  calculation,  instead  of 

N  .  The  accuracy  is  improved  as  shown  in  table  III. 
0| 


The  differences  between  this  method  and  a  clas¬ 
sical  one  is  in  the  quartz  block  preparation  and 
in  the  saw  correction  when  the  cut  is  not  the 
expected  one. 

When  a  classical  method  is  used,  great  attention 
must  be  paid  to  all  details  before  sawing.  Two 
very  simple  planes  in  relation  to  the  crystal  space, 
are  prepared  by  successive  mechanical  adjustments 
and  X  ray  controls,  then  the  block  is  fixed  and 
glued.  On  the  saw  table,  if  the  first  blank  is  not 
exactly  the  expected  one  by  trial  and  errors  we 
correct  the  readings  on  the  two  rotation  axis 
using  our  method.  The  quartz  block  is  placed  on 
the  saw  table  so  as  to  put  the  expected  cut  nearly 
parallel  to  the  horizontal  axis  of  the  goniometric 
device.  After  the  quarcz  is  attached,  two  prelimi¬ 
nary  slides  are  sawn  and  their  orientation  measured. 
The  angular  positions  to  be  displayed  are  calculated. 

If  the  first  slide  is  not  exactly  the  expected 
one,  the  angular  positions  are  recalculated,  using 
now,  instead  of  the  preliminary  slide,  the  first 
cut.  This  method  directly  gives  the  corrections  in 
sized  and  signs. 
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REQUIRED  CUT  $  *  9..50 


0  =  -  30.00 


REQUIRED  CUT  <J>  •=  0.00  0  =  78.05 


ANGULAR  POSITI 

ONS  DISPLAYED 

MEASURED  ORIENTATION 

N° 

0 

rx 

0 

rz 

0 

♦ 

P 

0 

PRELIMINARY  CUTS 

1 

0.00 

-26,00 

7.64 

-  64.95 

2 

0.00 

26.00 

7.07 

62.61 

OBTAINED 

CUTS 

Computed  from  N°  2 

3 

-3.55 

10,73 

0.17 

mi 

Divergence 

<Nq  .N_  >  -  0,06 

9obt  9req 

A  0  =  0.17 

A0  =  0.05 

TABLE  N°  1 1 
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REQUIRED  CUT  «J>  -  9,92  6  -  72.35 


ANGULAR  POSITIONS  DISPLAYED 

MEASURED  ORIENTATION 

N° 

0 

rx 

0 

rz 

0 

♦ 

0 

0 

1 

0,00 

-26,00 

7.64 

-  64.95 

PRPI  TMTNARV  niTS 

2 

0,00 

26,00 

7.07 

62.61 

Computed  from  N°  2 

3 

-6,70 

16,19 

10.17 

72.21 

obtained 

Divergence 

)  =  0,16 
req 

A^>=  0.25 

AS  -  0.14 

CUTS 

Computed  from  N°  3 

■ 

-6.59 

16,20 

9.74 

72,32 

Divergence 

■ 

)  *  0,06 
req 

A(j,  *  0,17 

A0  =  0.03 

TABLE  N°  III 
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HIGHLY  PRECISE  MEASUREMENT  OF  ORIENTATION  ANGLE 
FOR  CRYSTAL  BLANKS 
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Toyo  Communication  Equipment  Co.,  Ltd. 


SUMMARY 

The  relationship  between  the  measurement 
error  produced  when  measuring  the  orientation 
angle  of  a  crystal  blank  and  the  various  factors 
affecting  this  measurement  error  have  been  system¬ 
atically  clarified.  For  example,  the  main  factors 
in  the  measurement  error  of  an  AT-cut  crystal,  which 
has  the  tightest  angle  tolerance  of  any  crystal  unit, 
today,  has  been  found  by  analyzing  the  “reference 
surface  angle  of  lumbered  quartz  ",  "XX'  angle  of  the 
crystal  blank",  "plate  rotation  angle",  and  "re¬ 
producibility  of  angle  reading  of  the  micrometer  " 
Reliable,  stable  manufacture  of  crystal  blanks  that 
require  tight  angle  of  cut  tolerance  is  first  made 
possible  by  incorporating  the  results  of  these 
analyses  into  the  quality  control  standards  of 
crystal  blank  manufacturing  process. 

The  reference  angle,  which  is  tue  angle 
formed  by  the  optical  axis  and  atomic  plane  (01.1) 
of  synthetic  quartz,  has  been  measured  as  38°  12' 

39"  +0 . 5  ",  This  value  is  extremely  stable  with¬ 
out  regard  to  the  Q  of  the  synthetic  quartz  itself, 
and  shows  that  use  as  a  standard  reference  angle 
is  possible. 

Key  words 

Angular  Deviation,  Equivalent  Angle  Factor, 

Geometry,  Lumbered  Reference  Surface,  Optical 
Alignment,  Reference  Surface  Angle,  Crystal 
Blank. 

INTRODUCTION 

Of  all  the  factors  affecting  the  quality  of  a 
crystal  unit,  the  angle  of  cut  of  the  crystal 
blank  with  respect,  to  the  crystallographic  axes  is 
the  most  important  in  deciding  the  frequency- 
temperature  characteristic  (F/t  characteristic) 
and  frequency  warm-up  characteristic  specifications 
of  the  crystal  unit.  Increased  demand  for  com¬ 
munications  in  recent  years  has  been  accompanied 
by  a  narrowing  of  the  frequency  bandwidth  of  each 
communication  system,  resulting  in  tighter  crystal 
unit  F/t  characteristic  specifications.  The  fre¬ 
quency  change  (At It)  of  a  crystal  unit  at  a  given 
temperature  range  is  mainly  determined  by  the 


angle  of  cut  of  the  crystal  blank.  Therefore,  the 
use  of  a  crystal  blank  having  a  reliable,  guaran¬ 
teed  angle  of  cut  is  a  prerequisite  for  stable 
manufacture  of  crystal  units  having  a  tight  F/t 
characteristic.  The  angle  of  cut  of  the  crystal 
blank  is  found  by  measuring  the  angular  deviation, 
i.e.,  the  angle  formed  by  the  angle  of  cut  and 
atomic  plane  of  the  crystal  blank,  with  an  X-ray  • 
goniometer. 

For  example,  for  reliable,  stable  manufacture 
of  a  crystal  blank  having  a  tight  angle  tolerance 
of  +15  seconds,  the  various  factors  affecting  the 
angular  deviation  measurement  error  must  be  cor¬ 
rectly  grasped  and  quality  control  standards  for 
each  manufacturing  process  must  be  established  to 
reflect  the  interrelationship  between  these  factors 
in  the  crystal  blank  manufacturing  process. 

However,  until  now  few  of  the  factors  affecting  the 
measurement  error  have  been  systematically  analyzed, 
and  the  results  of  such  analysis  have  only  been 
introduced  into  the  crystal  blank  manufacturing 
process  under  special  limited  conditions. (1) 

Therefore,  the  factors  affecting  the  measure¬ 
ment  error  of  crystal  blanks  is  systematically 
analyzed  to  permit  application  of  not  only  singly 
rotated  crystal  blanks,  but  also  of  doubly  rotated 
crystal  blanks.  An  example  of  a  crystal  blank 
having  the  tightest  angle  of  cut  angle  tolerance, 
today,  is  the  AT-cut  crystal.  Therefore,  we  ex¬ 
perimented  and  analyzed  the  relationship  with  the 
various  factors  affecting  the  measurement  error 
of  an  AT-cut  crystal  to  allow  reliable,  stable 
manufacture  of  AT-cut  having  a  tight  angle  toler¬ 
ance  of  +15  seconds.  The  following  three  factors 
affecting  the  measurement  error  are  described. 

(I)  Angular  deviation  measurement  error  due 
to  geometrical  factors: 

Measurement  error  caused  by  the  angle  of  cut 
and  atomic  plane  of  the  crystal  blank  mounted  to 
the  goniometer  and  the  goniometer  geometrical 
factors. 

(II)  Angular  deviation  measurement  error  due 
to  angle  reading  accuracy: 

Measurement  error  caused  by  micrometer  dial 
angle  reading  accuracy  on  the  X-ray  rocking  curve 
peak  position  measurement  accuracy. 

(III)  Angular  deviation  measurement  error 
due  to  reference  surface  angle  accuracy: 

Measurement  error  caused  by  the  precision  of 
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the  reference  surface  angle,  i.e.,  the  angle  formed 
by  the  optical  axis  and  atomic  plane  (01.1)  of  the 
crystal. 

I  ANGULAR  DEVIATION  MEASUREMENT  ERROR  DUE 

TO  GEOMETRICAL  FACTORS 

The  angle  of  cut  of  a  crystal  blank  is  the 
angle  at  which  the  blank  is  cut  with  respect  to 
the  crystallographic  axes  of  the  crystal.  Fig.  1 
shows  the  orientation  angle  of  AT-eut  and  SC-cut 
crystal  blanks.  An  x-ray  goniometer  is  used  to 
measure  the  orientation  angle  of  crystal  blanks. 

The  atomic  plane  of  a  crystal  blank  parallel  to, 
or  nearly  parallel  to,  the  plate  face  of  the 
crystal  blank.  In  this  case,  the  angular  deviation 
of  the  crystal  blank  is  measured.  The  orientation 
angle  of  the  crystal  blank  is  then  easily  found 
from  the  measured  angular  deviation. 

"Angular  deviation  measurement  error  due  to 
geometrical  factors"  is  the  measurement  error 
caused  by  the  plate  face  and  atomic  plane  of  the 
crystal  blank  mounted  on  the  goniometer  and  the 
goniometer  geometrical  factor  when  the  angular 
deviation  of  the  crystal  blank  is  measured. 

IDEAL  GEOMETRY 

Fig.  2  shows  the  ideal  geometry.  Under  the 
ideal  geometry  state,  the  normal  direction  of  the 
plate  face  and  atomic  plane  of  the  crystal  blank 
is  parallel  to  the  plane  of  instrument,  i.e.,  the 
plane  of  the  goniometer.  "Plane  of  instrument" 
and  "axis  of  instrument"  are  terms  taken  from 
Heising's  bookW .  The  plane  of  the  instrument  is 
a  plane  normal  to  the  axis  of  rotation  of  the 
instrument  and  containing  the  Incident  beam. 

Further,  under  the  ideal  geometry  state,  the  dif¬ 
fracted  plane  which  contains  the  incident  beam, 
atomic  plane  normal,  and  diffracted  beam  is  paral¬ 
lel  to  the  plane  of  the  instrument.  In  Fig.  2, 
the  diffracted  plan-:  is  the  same  as  the  plane  of 
the  instrument. 

The  x-ray  goniometer  actually  measures  the 
angle  projected  on  the  plane  of  the  instrument  in¬ 
stead  of  the  diffraction  angle  in  the  x-ray  dif¬ 
fracted  plane.  Since  the  x-ray  diffracted  plane 
and  the  plane  of  the  instrument  are  mutual  y  paral¬ 
lel  under  ideal  geometry  conditions,  if  the  angular 
deviation  of  the  crystal  blank  is  made  y,  the  x-ray 
incident  angle  is  madeg,,  and  the  diffraction  angle 
is  made  0  ,  the  following  equation  is  established: 

e  -  ^  +  a.  <» 

In  other  words,  diffraction  angle  0  is  equal 
to  the  angle  y.  +  actually  measured,  and  "angular 
deviation  measurement  error  due  to  geometrical 
factors"  is  not  produced. 

GENERAL  GEOMETRY 

As  shown  in  Fig.  3,  the  normal  direction  of 
plate  face  and  atomic  plane  of  the  crystal  blank 
mounted  on  the  goniometer  are  generally  not  per¬ 
pendicular  to  the  plane  of  the  instrument.  That 
is,  the  x-ray  diffracted  plane  and  the  plane  of  the 


instrument  are  not  parallel.  Under  these  con¬ 
ditions,  the  geometrical  relationship  of  the  plate 
face  and  atomic  plane  of  the  crystal  blank  and  the 
goniometer  is  called  the  "general  geometry  ", 

The  general  geometry  can  be  described  by  in¬ 
troducing  the  three  rotating  operation  parameters 
£  ,  cp,  and  £  as  shown  in  Fig.  2  and  Fig.  3.  That 
is, 

a)  the  atomic  plane  is  &  rotated  around  the 
intersection  formed  by  the  atomic  plane  and  refer¬ 
ence  edge  of  the  crystal  blank. 

b)  the  crystal  blank  is  (p  rotated  around  the 
plate  face  normal. 

c)  the  crystal  blank  is  <£  rotated  around  the 
intersection  formed  by  the  plate  face  and  the  plane 
of  the  instrument. 

The  sign  of  the  rotating  angle  at  these  rotat¬ 
ing  angle  at  these  rotating  operations  is  plus  when 
rotation  is  in  the  counterclockwise  direction.  The 
rotating  angles  will  be  designated  "equivalent  angle 
factor"  "cp",  and  "£"  hereafter.  Under  the 

general  geometry  state,  angle  ))•'+%  projected  on 
the  plane  of  instrument  is  actually  measured  instead 
of  the  diffraction  angle  0  (in  the  case  of  ideal 
geometry,  0  =  y  +  §0)  in  the  diffracted  plane. 

From  Fig.  3,  the  relationship  of  this  angle  is  ex¬ 
pressed  by  the  equation: 

smc^'+g)  =  sin(/i+S»)/a)s5/  (2) 

Where,  g  =  g„  when  £'  =  0.  (For  ideal  geome¬ 
try)  In  addition,  the  "angular  deviation  measure¬ 
ment  error  due  to  geometrical  factors"  Ag  is  given 
by  the  following  equation. 

^3  =  3.- 9  (3) 

EQUIVALENT  ANGLE  FACTOR  AND  ANGULAR  MEASUREMENT 
ERROR 


The  general  relations  of  expression  of  equiva¬ 
lent  angle  factors  £  , cp  , £  and  angular  deviation 
measurement  error  caused  by  §  ,  cp  £are  intro¬ 
duced. 

The  fundamental  equations  needed  by  each 
equivalent  angle  factor  and  the  expressions  of 
measurement  error  introduced  from  these  equations 
are  given  in  Table  1.  (Refer  to  the  appendix  for 
a  description  of  introduction  of  the  fundamental 
equations  and  the  expressions  of  measurement  error.) 

Today,  AT-cut  crystal  blanks  are  the  most  mass 
produced  and  have  the  tightest  angle  tolerance. 

The  expressions  of  relation  converted  to  practical 
angle  units  to  simplify  use  of  the  equivalent  angle 
factors  and  the  expression  of  relation  with  the 
measurement  error  are  also  given  in  Table  1.  Only 
the  equivalent  angle  factors  and  expressions  of 
relation  with  the  measurement  error  for  an  AT-cut 
crystal  blank  will  be  described  below.  Here  dif¬ 
fraction  angle  0  is  assumed  to  be  13.3°  and  angular 
deviation  (ZZ1  angle)  y  is  assumed  to  be  3°. 
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Moreover,  A%  [SECONDS] ,  S  [MINUTES],  C p  [MINUTES], 
and  £  [MINUTES]  are  expressed  in  the  units.  In 
this  case,  equivalent  angle  factors  £  ,  <p  ,  £  ,  and 
the  measurement  error  AQ  are  expressed  by  the  fol¬ 
lowing  equations 

S'  (4) 

S  is  the  angular  deviation  corresponding  to  the 
XX'  angle  of  the  crystal  blank.  Its  angle  tolerance 
is  generally  specified  to  be  less  than  +30  minutes. 

If  S  is  assumed  to  be  30  minutes,  A|]  is  -1.8  seconds 
and  can  be  disregarded. 

f.  A3%/»£(s-4)-J  (S->£f 

£.  is  the  equivalent  angle  factor  produced  when  the 
crystal  blank  is  mounted  on  the  goniometer.  If  its 
angle  is  assumed  to  be  30  minutes,  A§  "  is  1.1 
seconds  and  can  also  be  disregarded.  However, 
since  this  equivalent  angle  factor  £  directly  af¬ 
fects  on  the  half-width  of  the  x-ray  rocking  curve, 
care  must  be  exercised.  (This  will  be  described 
later  in  "angular  deviation  measurement  error  due 
to  angle  reading  accuracy".) 

=  l.75»!6J«g9-44«lo,'S>2'  «> 

The  angle  of  cp  at  the  crystal  blank  manu¬ 
facturing  process  is  generally  considered  to  be 
less  than  about  60  minutes.  If  cp  is  assumed  to 
be  30  minutes,  since  &  is  30  minutes,  AQ'  is 
15.4  seconds.  The  measurement  error  of  this 
angular  deviation  shows  that  manufacture  of  a 
crystal  blank  demanding  a  tight  +15  seconds  angle 
tolerance  is  impossible  if  the  equivalent  angle 
factors  S  and  cp  are  also  -30  minutes.  For  relia¬ 
ble,  stable  manufacture  of  crystal  blanks  requiring 
a  tight  angle  tolerance,  the  relationship  between 
equivalent  angle  factors  £  and  Cp  and  the  measure¬ 
ment  error  A%'  ,  must  be  grasped  and  its  cause  and 
effect  relationship  must  be  Introduced  in  each 
manufacturing  process.  The  calculated  measurement 
error  A9/  versus  ^  as  a  'unction  of  £  is  shown 
in  Fig.  4.  Fig.  5  is  the  magnified  scale  when  the 
angles  of  £  and  cp  in  Fig.  4  are  both  less  than  60 
minutes.  If  the  angles  of  £  and  <p  are  both  less 
than  60  minutes,  A%'  Is  nearly  proportional  to  the 
product  of  £  and  cp  and  is  expressed  by  A9/  '= 

1. 75x10- 2XS9- 

One  of  the  plate  faces  of  the  crystal  blank 
mounted  on  the  goniometer,  is  designated  the  "head" 
and  the  other  is  designated  the  "tail  ",  The  sign 
(plus  or  minus)  of  £  depends  on  whether  the  "head" 
or  "tail"  of  the  plate  face  is  measured.  However, 
the  sign  of  Cp  does  not  change  without  regard  to 
the  "head"  and  "tail"  when  the  crystal  is  mounted 
on  the  same  goniometer.  If  the  measurement 
eiror  is  made  Ag1  (H)  when  the  angular  deviation 
of  the  "head"  of  the  crystal  blank  is  measured, 
and  the  measurement  error  is  made  A 9'  (T)  when 
the  angular  deviation  of  the  "tail"  of  the  crystal 
blank  is  measured,  the  sign  of  £  is  different  at 


the  "head"  and  "tail,"  but  the  sign  of  cp  remains 
unchanged.  Therefore,  the  value  of  A§'  (H)  or 
Ag'(T)  takes  the  plus  sign  and  the  other  takes 
the  minus  sign.  Fig.  6  shows  the  typical  measure¬ 
ment  error  signed  in  this  way.  AS^T)  is  plus  in 
Fig.  6.  Referring  to  Table  1,  since  AQ'B  u'-u, 
the  apparent  angular  deviation  ji'  of  the  crystal 
blank  at  measurement  is  always  larger  than  the  true 
angular  deviation  ji  of  the  crystal  blank.  On  the 
other,  AS'  (H)  is  the  opposite,  as  shown  in  Fig.  6. 
The  absolute  value  of  the  difference  in  measurement 
error  between  of  the  "head"  and  "tail"  of  the 
crystal  blank  is  expressed  by  the  following  equation. 

AQ  H I  A3  <:h)  -  A^(T>1  =  2 1 S  9|  (7) 

Fig .  7  shows  the  relationship  between  A  G  and 
S  calculated  with  cp  as  the  variable.  Examples  of 
the  measured  results  are  shown  in  Fig.  8.  The 
crystal  blank  used  in  this  measurement  was  cut  from 
the  lumbered  quartz  with  its  reference  surface  angle 
tolerance  9  Y,  ©  Z  of  +3'  or  less.  Fig.  8  shows 
that  the  calculated  measurement  error  and  measured 
error  are  in  good  agreement.  From  Fig.  4  and  Fig. 

5,  the  following  main  problem  factors  depend  on 
equivalent  angle  factors  &  and  cp  . 

1.  The  difference  in  the  angles  of  cut 
measured  values  between  "head"  and  "tail"  in  the 
crystal  blank  is  mainly  caused  by  the  parallelity 

of  the  crystal  blank  produced  at  the  lapping  process. 

2.  The  orientation  angle  of  a  circular  crystal 
blank  is  measured  by  several  methods.  However,  the 
following  method  cannot  be  used  to  measure  the  ori¬ 
entation  angle  of  circular  blanks  requiring  tight 
angle  tolerance.  A  circular  crystal  blank  does  not 
have  a  reference  edge.  Therefore,  the  orientation 
angle  is  found  to  measure  the  maximum  angular  devi¬ 
ation  while  rotating  the  circular  crystal  blank 
mounted  on  the  holder  of  the  goniometer.  This 
measurement  method  is  only  applicable  when  £  <*  0; 
otherwise,  it  cannot  be  used. 

3.  Generally,  when  measuring  and  classifying 
the  orientation  angle  of  crystal  blanks,  only  the 
"head"  or  "tail"  is  measured  and  selected  within 
the  specified  angle  range.  When  the  sorted  crystal 
blanks  is  remeasured,  the  distribution  of  the  re¬ 
measured  angles  is  wider  than  the  distribution  of 
the  angles  before  remeasurement. 

CRYSTAL  BUNK  MANUFACTURING  PROCESS  AND  EQUIVALENT 
ANGLE  FACTOR 

The  following  two  factors  produce  angular 
deviation  measurement  error  at  the  crystal  blank 
manufacturing  process: 

i)  Errors  in  fabricating  the  crystal  blank, 

ii)  Errors  in  mounting  the  crystal  blank  on 
the  holder  of  the  goniometer. 

These  factors  are  given  in  Table  2  by  process 
from  lumbering  to  X-raying.  Equivalent  angle 
factors  £  ,  cp  ,  and  £  are  represented  by  the  some 
of  the  angle  factors  produced  at  each  process. 
Therefore,  from  this  table,  to  hold  the  measurement 
error  to  within  a  certain  limit,  the  previously 
described  equivalent  angle  factors  and  the 
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measurement  error  expressions  of  relation  must  be 
used  to  establish  che  quality  control  standards  for 
each  crystal  blank  manufacturing  process.  Table  3 
shows  the  calculated  relationship  between  the  angle 
factors  &L  and  <$>  L  produced  by  lumbered  reference 
surface  angle  tolerance  0  Y,  ©  Z  and  the  measure¬ 
ment  error  ^9^  of  an  AT-cut  crystal  produced  by 
only  the  angle  factors  £  L  and  4p  L.  According  to 
IEC/49  (Secretariat)  129,  the  angle  tolerance  of 
the  lumbered  reference  surface  must  be  within  +15 
minutes  for  both  0  Y  and  0  Z  From  Table  3,  when 
CfL  is  +21  minutes,  Sk  is  +3.6  minutes  and  the 
measurement  error  caused  by  only  the  angle 

tolerance  of  lumbered  reference  surface  is  -1.3 
seconds  and  can  be  ignored.  However,  the  specified 
XX'  angle  of  an  AT-cut  crystal,  that  corresponds  to 
the  equivalent  angle  factor  $  is  generally  less 
than  +30  minutes.  Therefore,  from  Fig.  5,  the 
measurement  error  ylQ  *  °f  an  aT-cut  crystal  is 
approximately  12  seconds.  This  measurement  error 
is  too  large  in  the  manufacture  of  an  AT-cut 
crystal  requiring  a  tight  angle  tolerance  of  +15 
seconds.  For  stable,  reliable  manufacture  of  a 
crystal  blank  requiring  such  a  tight  angle  toler¬ 
ance,  the  measurement  error  must  be  at  least 
+5  seconds.  If  the  angle  tolerances  0  Y  and  ©Z 
are  both  made  less  than  +15  minutes,  from  Table  3, 
cpL  is  +21  seconds.  If  dicing  and  mounting  are 
assumed  to  be  idealiy  done  (i.g.,  Cp  D  *  M  =  0) , 
the  value  of  will  be  the  angle  of  L  only. 

That  is,  it  will  be  +21  minutes.  From  Fig.  5, 

5=  +14  minutes.  Therefore,  the  XX'  angle  of  the 
crystal  blank  must  be  at  least  +14  minutes  or  less. 

It  ANGULAR  DEVIATION  MEASUREMENT  ERROR  DUE 

TO  ANGLE  READING  ACCURACY 

The  rocking  curve  is  defined  by  plotting  the 
relationship  between  the  diffraction  intensity  and 
the  diffraction  angle  of  goniometer  according  to 
Bragg's  law.  As  shown  in  Fig.  9,  the  x-ray  dif¬ 
fraction  intensity  is  found  by  a  ratemeter  reading 
the  magnitude  of  the  diffraction  beam,  and  the  dif¬ 
fraction  angle  is  found  by  a  micrometer  reading 
angle  when  the  diffraction  intensity  is  maximum. 

In  other  words,  the  orientation  angle  of  the 
crystal  blank  is  found  by  reading  the  diffraction 
angle  corresponding  to  the  peak  position  of  the 
rocking  curve  obtained  in  this  maimer.  This  dif¬ 
fraction  angle  is  called  the  Bragg  angle.  When  the 
backlash  of  the  micrometer  is  removed,  the  angle 
reading  accuracy  is  primarily  determined  by  sharp¬ 
ness  that  determines  the  peak  position  accuracy  of 
the  rocking  curve.  This  is  an  extremely  important 
item  when  an  especially  tight  angle  tolerance  are 
required.  When  measuring  the  orientation  angle  of 
such  a  crystal  blank,  the  following  conditions  must 
also  be  satisfied  by  the  rocking  curve  profile: 

(i)  The  rocking  curve  half-width  must  be  as 
narrow  as  possible. 

That  is,  the  curve  must  be  as  sharp  as  possi¬ 
ble  . 

(ii)  The  x-ray  diffraction  intensity  must  be 
sufficiently  high  in  order  to  overcome  background 
noise,  and  this  can  not  be  controlled  by  increasing 
the  ratemeter  sensitivity. 


Currently,  a  double  crystal  goniometer  are 
used  to  meet  these  conditions  instead  of  a  single 
crystal  goniometer  and  the  crystal  blanks  are 
etched  to  remove  its  surface  damage^)  .  As  a  re¬ 
sult,  the  angle  reading  accuracy  of  a  common  x-ray 
goniometer  can  be  riased  to  about  +10  seconds. 
However,  for  reliable  measurement  of  crystal  blanks 
requiring  a  tight  angle  tolerance  of  +15  seconds, 
the  angle  reading  accuracy  must  be  held  to  at  least 
+5  seconds.  To  satisfy  this  condition,  the  optical 
alignment  of  the  double  crystal  goniometer  mus.  be 
adjusted  to  near  the  idea]  state. 

OPTICAL  ALIGNMENT  ADJUSTMENT  AND  HALF-WIDTH 

The  optical  alignment  at  a  double  crystal 
goniometer  is  ideal  when  the  atomic  planes  of  the 
reference  crystal  and  crystal  blank  are  perpen¬ 
dicular  to  the  plane  of  the  instrument  as  shown  in 
Fig.  10.  However,  when  measuring  the  orientation 
angle  of  a  crystal  blank  with  a  double  crystal 
goniometer,  the  atomic  planes  are  generally  not 
perpendicular  to  the  plane  of  the  instrument.  If 
the  angle  formed  by  the  atomic  plane  normal  direc¬ 
tion  of  reference  crystal  and  crystal  blank  and  the 
plane  of  the  instrument  (called  the  tilt  angle 
hereafter)  are  made  £.  and  £«>  the  half-width  W 
of  the  rocking  curve  of  a  double  crystal  goniometer 
in  such  an  optical  alignment  stable  is  given  by  the 

following  equation^)  . 

W  =  Wo  +  §jm-  |£|-tan© 

Where,  §5m:  Vertical  angle  of  incident  beam  maximum 
£  :  Absolute  value  of  the  angular  error  of 
and  £2,  i.e.,  S  =  E^~  £2 

For  an  AT-cut  crystal, 

©:  Bragg  angle,  13.3  degrees 

Wo:  Rocking  curve  ideal  half-width 

Wo  =W>xyl+i=  6.65  secs 

wo:  Intrinsic  diffraction  profile,  4.45  arc 
of  seconds  (01.1) 

b:  Asymmetric  factor 

b  =y 3in(0  -jj)/Sin(0  +y) 

ji:  Angular  deviation,  2°  50' 

Typical  results  obtained  by  plotting  the  re¬ 
lationship  between  the  half-with  W  and  diffraction 
intensity  I  when  the  crystal  blank  tilt  angle  £2 
was  fixed  and  the  reference  crystal  tilt  angle 
was  changed,  using  the  double  crystal  goniometer 
shown  in  Fig.  9,  are  shown  in  Fig.  11.  These 
measured  results  show  good  agreement  with  the  the¬ 
oretic  expression  described  above.  That  is, 

a)  Half-width  W  is  proportional  to  the  re¬ 
lative  tilt  angle£.  Therefore,  if  the  optical 
alignment  is  ideally  adjusted  and  controlled  (£.  =0) , 
the  half-width  W  will  be  equal  to  the  ideal  half¬ 
width  Wo  (6.65  seconds)  regardless  of  the  aperture 
of  the  goniometer  slit. 

b)  When  the  relative  tilt  angle  £  is  £  \  0, 
the  half-width  W  is  proportional  to  the  product  of 
in  and  £  determined  by  the  aperture  of  the  gonio¬ 
meter  slit. 
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c)  The  diffraction  intensity  I  is 
strongest  in  the  ideal  optical  state  (£=0)  and 
suddenly  weakens  further  away  from  the  ideal  state. 

As  the  slit  aperture  increases,  the  diffraction 
intensity  also  increases.  Therefore,  if  the 
optical  alignment  of  a  double  crystal  goniometer 

is  maintained  in  the  ideal  state,  the  half-width 
of  the  rocking  curve  will  be  minimum,  i.e.,  about 
equal  to  the  theoretical  value,  and  the  diffraction 
intensity  will  be  maximum.  As  a  result,  a  high 
angle  reading  accuracy  can  be  controlled. 

d)  Because  of  the  S/N,  when  £  ^  0,  even  if 
the  diffraction  intensity  I  is  increased  by  making 
the  slit  aperture  larger,  the  half-width  W  will 
also  widen,  resulting  in  no  increase  in  angle  read¬ 
ing  accuracy. 

HALF-WIDTH  AND  ANGLE  READING  ACCURACY 

We  experimented  with  the  relationship  between  the 
rocking  curve  half-width  and  angle  reading  ac¬ 
curacy  when  the  double  crystal  goniometer  optical 
alignment  is  slightly  distorted  from  the  ideal 
state.  The  orientation  angle  of  the  same  face  of 
the  same  crystal  blank  was  measured  100  times  and 
the  blank  was  mounted  to  a  goniometer  three-point 
vacuum  chuck.  The  half-width  of  the  double 
crystal  goniometer  was  changed  by  rotating  (£1) 
the  reference  crystal.  The  measured  crystal  blank 
was  etched  to  eliminate  the  affects  of  spreading 
width  of  the  rocking  curve  due  to  the  s  ' 
damage  of  the  crystal?  As  a  result,  t’..,  .  olf-width 

of  the  rocking  curve  of  crystal  blanks  other  than 
It 800  lapped  blanks  was  7  seconds,  or  about  the 
same  as  the  theoretical  value.  The  affect  of  the 
surface  damage  is  considered  to  be  removed. 

Typical  standard  deviation  of  repeatability  of 
micrometer  reading  angle  examples  are  given  in 
Table  4. 

From  this  table,  the  following  can  be  stated: 

1.  As  the  half-width  W  of  the  rocking  curve 
is  widened  by  optical  alignment,  the  standard  de¬ 
viation  of  the  angle  reading  accuracy  increases. 

2.  Since  the  crystal  blank  is  mounted  on  a 
three-point  chuck  for  measurement,  the  roughness  of 
the  crystal  blank  finish  also  affects  the  standard 
deviation  of  the  angle  reading  accuracy. 

For  reliable,  stable  measurement  of  crystal 
blanks  requiring  a  tight  angle  tolerance  of  +15 
seconds,  for  example,  the  angle  reading  accuracy 
must  be  maintained  at  +5  seconds  or  less. 

Therefore,  the  following  are  necessary: 

1.  The  optical  alignment  of  the  double  crystal 
goniometer  must  be  adjusted  and  managed  so  that  the 
half-width  W  of  the  rocking  curve  is  always  less 
than  10  seconds. 

2.  The  crystal  blank  to  be  measured  must  be 
lapped  with  #3000  or  finer  abrasive,  then  etched. 

Ill  ANGULAR  DEVIATION  MEASUREMENT  ERROR  DUE  TO 
REFERENCE  SURFACE  ANGLE  ACCURACY 

An  AT-cut  crystal  is  generally  cut  near  35°15' 
with  respect  to  the  optical  axis  arouna  its  x  axis. 
In  this  case,  the  orientation  angle  of  crystal 


blark  is  represented  by  the  angle  ©  formed  by  the 
optical  axis  and  the  angle  of  cut.  If  the  angular 
deviation  is  made  and  the  reference  surface  angle 
(angle  formed  by  the  optical  axis  and  atomic  plane 
(01.1)  of  the  crystal  blank)  is  made  Ct  ,  the  orien¬ 
tation  angle  (Q  is  represented  by  the  sum  of  the 
angular  deviation  p  and  reference  surface  angle  C<  as 
shown  in  Fig.  12.  The  orientation  angle  (§)  is 
found  by  measuring  the  angular  deviation  ji  with  an 
x-ray  goniometer.  Therefore,  in  order  to  accurately 
determine  the  orientation  angle  ®  with  respect 
to  the  optical  axis,  it  is  necessary  to  know  the 
exact  value  of  reference  surface  angle  & 

However,  reference  surface  angle  Ct  is  not 
uniform  at  each  manufacturing  process  and  may  ex¬ 
tend  from  38°12'  to  38014'.  Of  these  values,  the 
most  widely  used  is  near  38013'.  And  also  these 
reference  surface  angles  are  the  measured  values 
in  natural  quartz.  Today,  high  measurement  ac¬ 
curacy  has  been  obtained  through  advanced  in 
measurement  technology  and  synthetic  quartz  are 
today  replacing  natural  quartz.  Considering  these 
points,  to  measure  the  reference  surface  angle  of 
synthetic  quartz,  and  to  use  this  measured  values 
as  "standard  reference  surface  angle"  are  signifi¬ 
cant.  As  a  result, 

1.  The  orientation  angle  of  a  crystal  blank 
is  the  more  absolute  angle  with  respect  to  the 
optical  axis. 

2.  The  orientation  angle  of  AT-cut  crystal 
blanks  can  be  commonly  used  at  each  manufacturing 
process. 

Therefore,  we  measured  the  reference  surface 
angle  with  careful  attention,  and  also  studied  the 
inter-relationship  between  the  "Q  value"  of  syn¬ 
thetic  quartz'4' and  reference  surface  angle  in 
order  to  make  this  value  into  general  use.  Fig. 

13  shows  the  equipment  used  to  measure  the  refer¬ 
ence  surface  angle.  The  reference  surface  angle 
Ot  formed  by  the  optical  axis  and  atomic  plane 
(01.1)  is  found  by  measuring  the  inter  2lanar  angle 
2CX  with  the  atomic  plane  (ol.l)  and  (ol.l)  form¬ 
ing  the  equal  angle  with  respect  to  the  optical 
axis.  Since  the  affect  of  the  x-ray  dispersion 

can  be  disregarded,  (6)  this  method  provides 
an  extremely  high  measurement  accuracy.  The 
measurement  accuracy  of  the  experimental  equipment 
is  guaranteed  within  +0.5  second.  Measurement 
values  obtained  with  this  method  are  shown  in  Table 
5.  This  table  shows  that  the  reference  surface 
angle  OC  measured  values  have  no  affect  on  the  "Q 
value"  of  synthetic  quartz  within  a  measurement 
accuracy  and  show  an  extremely  stable  angle. 
Therefore,  this  predicts  that  the  38°12'39" 
measured  reference  surface  angle  can  be  used  as 
the  "stand,  rd  reference  surface  angle"  of  syn¬ 
thetic  qua  -tz 

CONCLUSION 

1.  The  angular  deviation  measurement  error 
A£  produced  by  '"he  geometrical  relationship  bo- 
tween  the  orientation  angle  and  atomic  plane  of  the 
crystal  blank  mounted  to  the  goniometer  and  the 
goniometer  is  caused  by  equivalent  angle  factors 
£>  and  <5* .  The  expression  of  relation  is  expressed 


m 


by, 


6.  A.H.  Compton  and  S.K.  Allison,  "X-Rays  in 
Theory  and  Experiment,"  D.Van  Norstrand  Co.,  Inc., 
New  York  1949 


This  expression  of  relation  can  be  used  to 
analyse  all  crystal  blank  angular  deviation 
measurement  errors.  For  example,  in  order  to  make 
the  angular  deviation  measurement  error  of  an  AT- 
cut  crystal  +5  seconds  or  less,  each  crystal  blank 
must  be  quality  controlled  in  manufacturing 
process  so  that  $  (corresponds  to  the  XX'  angle) 
is  held  to  +14  minutes  and  Cp  (corresponds  to  the 
surface  rotating  angle)  is  held  to  less  than  +21 
minutes,  if  the  crystal  is  assumed  to  be  cut  from 
lumbered  quartz  with  its  reference  surface  angle 
tolerance  ©Y  and  0  Z  of  +15  minutes. 

2.  The  angle  reading  error  produced  when 
reading  the  scale  of  a  micrometer  is  caused  by  the 
half-width  of  the  rocking  curve.  The  half-width 
of  the  rocking  curve  can  be  held  to  less  than  10 
seconds,  or  almost  the  theoretical  value,  by  ad¬ 
justing  the  tilt  angle  of  the  double  crystal 
goniometer  reference  crystal.  As  a  result,  high 
angle  reading  accuracy  reproducibility  was  ob¬ 
tained.  For  example,  an  angle  reading  reproduci¬ 
bility  standard  deviation  of  1.73  seconds  was 
obtained  as  an  experimental  value  for  a  II 3000 
lapped  and  etched  AT-cut  crystal  at  an  8  seconds 
rocking  curve  half-width. 

3.  A  reference  surface  angle  (angle  formed 
by  the  optical  axis  and  atomic  plane  (01.1)  of  the 
crystal)  measured  value  of  38012'39"  +0.5"  was 
obtained  without  regard  to  the  "Q  value"  of  the 
synthetic  quartz  itself.  Obtaining  such  an  ex¬ 
tremely  stable  measured  value  without  regard  to 
the  "Q  value"  of  the  synthetic  quartz  itself 
predicts  that  this  measured  value  of  38*12* 39" 
can  be  used  as  the  "standard  reference  surface 
angle  ", 


ACKNOWLEDGEMENTS 


The  authors  are  grateful  to  Dr.  J.  Yoshimura, 
Institute  of  Inorganic  Synthesis,  Faculty  of  Engi¬ 
neering,  Yamanashi  University,  .or  his  helpful 
discussions  and  to  Dr.  T.  Matsushita,  Department 
of  Applied  Physics,  Faculty  of  Engineering,  Uni¬ 
versity  of  Tokyo,  for  measuring  the  interplanar 
angle  of  material  crystals. 

REFERENCES 


APPENDIX 


The  unit  vector  of  the  normal  direction  of  the 
atomic  plane  (hk.l)  is  made  n.  If  the  vector  com¬ 
ponents  of  n(ni)  in  the  crystal  axes  X,  Y, 

and  Z  and  direction  are  made  nl,  n2,  and  n3  re¬ 
spectively,  n  is  expressed  by  the  following  equ¬ 
ation  at  the  0-XYZ  coordinates  system. 


V\  = 


/«, 


w 


(A-l) 


,  Where,  S  is  the  normalized  factor  [h2 3 4  +  (h  + 

2K)  7  3  +  l2/(c/a)2]l/2.  h,  k,  and  1  are  the  Miller- 
Bravais  indices,  and  a  and  c  are  the  lattice 
constants  of  quartz  crystal.  The  unit  vector  of 
normal  direction  of  the  crystal  blank  atomic  planes 
(hk.l)  is  made  N.  The  vector  components  (Ni)  of  N 
with  respect  to  the  blank  which  have  the  length  L, 
thickness  T,  and  width  W  are  made  Nl,  N2,  N3. 

In  general  for  a  doubly  rotating  crystal  blank 
(YXW1)  <§/  ©  ,  0-X,  Y,  Z  coordinates  system  and  the 
vector  components  (Nl)  at  the  O-L.  T,  W  coordinates 
system  is  expressed  by  the  following  equation. 
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In  the  case  of  a  singly  rotating  crystal  blank, 
for  example  AT-cut  crystal  blank,  which  is  very 
commonly  used  in  actua.1  production  line.  (A-2)  is 
simplified  and  expressed  by  the  following  equation. 
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The  atomic  plane  of  an  ideally  cut  crystal  blank  is 
perpendicular  to  the  reference  edge  of  the  crystal 
blank.  However,  the  atomic  plane  of  ar.  actual  cut 
crystal  blank  is  not  generally  perpendicular  to 
this  reference  edge.  (Fig.  14)  In  this  case,  the 
angular  deviation,  y  and  £  are  expressed  by  the 
following  equation. 

n3  nx 

tanf=jq>  tanS=N^  (V4> 

The  3tomic  plane  of  a  doubly  rotating  crystal 
blank  is  not  perpendicular  to  the  reference  edge  of 
the  blank.  In  addition,  Eq.  (A-4)  is  a  general 
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equation  that  is  also  applicable  to  doubly  rotating 
crystal  blanks. 

Equivalent  angle  factor  S  and  angular  deviation  u 
measurement  error  Ag 

If  the  x-ray  incident  angle  on  the  plate  face 
of  the  crystal  blank  is  made  g  ,  the  conditions 
that  diffract  the  x-rays  are  given  by  the  following 
equation. 

Sln(jA+3')=  St  K  8/COS  S  (A- 5) 

Where,  Q  is  the  Bragg  angle.  g  of  Eq.  (A-5) 
is  approximated  by  the  following  equation. 

CJ=  0-/A-V  -§-S2  (A-5)* 

If  the  x-ray  incident  angle  on  the  plate  face 
of  an  ideally  cut  crystal  blank  ideally  mounted  on 
the  goniometer  (Fig.  2,  S  =  CP=<£=  0)  is  made  ge  , 
from  Eq.  (A-5),  is  given  by  the  following 
equation. 

3o=e-/l  (A-5)" 

The  crystal  blank  angular  deviation  js 
measurement  error caused  by  only  the  equivalent 
angle  factor  &  is  given  by  the  following  equation. 

(A-6) 


Equivalent  angle  factor  Cp  and  angular  deviation  u 
measurement  error  A9' 

If  a  crystal  blank  Is  Cp  rotated  in  the 
counterclockwise  direction  jjround  T  axis  of 
crystal_J)lank,  unit  vector  N  is  converted  to  unit 
vector  N!  The  relationship  between  vector  com¬ 
ponents  (Ni)  and  (Ni*)  at  the  O-L*,  T',  W*  co¬ 
ordinates  system  after  rotation  is  given  by  the 
following  equation. 
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instrument  from  angular  deviation  u  and  £  are 
made  /  and  £  * ,  the  same  as  at  (A-4) ,  the  re¬ 
lationship  between/,  £',  and  the  vector  com¬ 
ponent  (Ni*)  is  given  by  the  following  equations: 


/N^NsSh«?\ 
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Na 

yj 

d  on 

the  plane  of  t 

jk ./=  -  i«wS  sin^  +  (A-S) 

-jjjv  =-  idnScoscy  -  (A"8) 


The  diffraction  condition  of  the  x-rays  are 
given  by  the  following  equation,  the  same  as  at  Eq. 
(A-5) . 

SiV\0/^osS/  (A-9) 

g  is  approximated  by  the  following  equation  by 
substituting  u‘  and  £*  of  Eqs.  (A-8)  and  (A-8)  * 
into  Eq .  (A-9) . 

3=  6-^- (A-10) 

The  angular  deviation  measurement  error  A§  * 
is  given  by  the  following  equation  including  the 
equivalent  angle  factor  Cp  . 

=  <a-u> 


Angular  deviation  u  measurement  error A 9  11  due  to 
equivalent  angle  factor 

If  a  crystal  plate  is  £  rotated  in  the 
counterclockwise  direction  around  the  width  axis 
the  unit  vector  N  is  converted  to  unit  vector 
N"  after  rotation.  The  relationship  between  the 
vector  components  (Ni)  and  (Ni")  at  the  0-L",  T", 
W"  coordinates  system  after  rotation  is  given  by 
the  following  equation. 


/Nf\ 

fust  S*\£  0\ 

N 

H  £ 

\HiJ 

-SiftE  cost  0 
^  °  ®  !  / 

■  Hr 

Wy 

-Ki»e+Kj(cse 

l  to  1 

If  the  angles  projected  on  the  plane  of  the 
instrument  from  angular  deviation  p  and  £  are  made 
ji"  and  the  same  as  at  Eq.  (A-4),  the  expres¬ 

sion  of  relationship  between/1,  £",  and  vector 
component  (Ni")  is  given  by  the  following  equations. 


rtf  cose 


(A-13) 
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The  diffraction  conditions  of  the  x-rays  are 
given  by  the  following  equation,  the  same  as  at  Eq. 
(A-5) . 

■StY)  C +  =  Sin  (A-14) 

g  is  approximated  by  the  following  equation  by 
substituting  ji"  and  £"  of  Eqs.  (A-13)  and  (A-13)* 
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Table  I .  Fundamental  equations  and  measurement  error  by 
equivalent  angle  factor. 
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Table2.  Angle  factor  and  equivalent  angle  factor  by  process. 

T8ble3.  Reference  surface  angle  of  lumbered  quartz  and 
measurement  error. 
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Table4.  The  standard  deviation  of  repeatability 
of  micrometer  reading  angle. 
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Tables.  Measured  reference  surface  angle  in  synthetic 
quartz,  as  a  function  of  its  Q-value. 
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Summary 

This  paper  describes  the  shape,  size  and 
frequency-temperature  characteristics  c-f  a  minia¬ 
turized  GT  cut  quartz  resonator.  We  have  developed 
a  new  GT  cut  quartz  resonator,  which  is  greatly 
miniaturized,  highly  shock  resistant  and  has 
excellent  frequency-temperature  characteristics 
ever  a  wide  temperature  range.  In  order  to  obtain 
sufficient  processing  accuracy,  this  quartz  reso¬ 
nator  is  manufactured  by  a  lithographic  process, 
and,  by  means  of  a  one-body  formation  of  a  vibra¬ 
tional  portion  and  supporting  portions  of  the 
quartz  resonator,  it  can  be  made  small.  To 
describe  it  in  still  more  detail,  in  order  to 
minimize  the  energy  losses  caused  by  vibrations  of 
the  supporting  portions,  the  quartz  resonator  has 
been  designed  such  that  the  amplitude  of  vibrations, 
derived  from  the  vibrational  portion  and  transmitted 
to  the  supporting  portions,  which  have  the  function 
of  changing  the  length-extensioral  vibration 
derived  from  the  vibrational  portion  into  a  flexural 
inode  vibration,  is  minimized  at  the  end  of  the 
supporting  portions  and  thus  there  is  hardly  any 
distortion. 

The  optimum  shape  and  size  for  this  quartz 
resonator  have  been  analyzed  by  the  finite  element 
method.  The  calculated  results  show  that  the 
analysis  cf  displacement  of  the  vibrational  portion 
and  the  supporting  ones  can  be  made  as  a  one-body 
problem.  The  quartz  resonator,  therefore,  has 
excellent  electrical  characteristics,  even  if  it 
is  mounted  on  the  pedestal  without  great  care. 

It  has  been  found  that  this  miniaturized  GT 
cut  quartz  resonator  not  only  has  excellent  frequen¬ 
cy-temperature  characteristics  but  also  extremely 
good  electrical  characteristics,  and  in  particular, 
that  its  frequency-temperature  characteristics  are 
more  excellent  than  that  of  an  AT  cut  resonator 
within  a  wide  temperature  range,  such  as  -30°C  to 
+70°C. 


Introduction 

Since  CT  and  DT  cut  resonators  were  introduced 
by  Hight  and  Willard,  there  have  been  numerious 
studies  of  coutour  mode  resonators.  In  particular, 
in  1940  the  GT  cut  quartz  resonator,  introduced  by 


W.P.  Mason,  showed  excellent  frequencytemperature 
behavior  over  a  wide  temperature  range.  This 
quartz  resonator  does  not  change  in  accuracy  by 
more  than  one  part  in  a  million  over  a  100-degree 
centigrade  range  of  temperature.  Therefore,  it 
was  applied  to  many  standard  quartz  crystal  oscil¬ 
lators  and  crystal  filters  used  under  sever  tem¬ 
perature  conditions.  However,  notwithstanding 
that  its  frequency-temperature  behavior  is  the 
best  of  all  known  crystal  resonators,  as  things 
are,  it  is  not  used  much  today  except  in  some 
specialized  fields,  because  its  supporting  method 
and  miniaturization  are  difficult,  and  also  its 
sensitivity  of  frequency  to  the  width  to  length 
ratio  is  high.  Furthermore,  there  are  few  theo¬ 
retical  studies  concerning  tha  GT  cut  quartz  reso¬ 
nator  except  those  of  Bechmanir  and  Nakazawa. 

Now  it  has  been  about  ten  years  since  quartz 
wrist  watches  were  realized.  They  have  been 
remarkably  improved  in  terms  of  time  accuracy  and 
now  have  a  monthly  error  of  only  5  to  20  seconds. 
Recently,  however,  a  wrist  watch  of  even  higher 
accuracy  is  being  sought  in  the  watch  industry. 

In  order  to  achieve  this  goal,  it  is  necessary  to 
obtain  a  quartz  resonator  having  excellent  fre¬ 
quency-temperature  characteristics.  At  the  same 
time,  other  severe  conditions  must  be  met,  such  as 
that  it  must  be  easy  to  support,  highly  shock 
resistant,  easy  to  process  and  not  difficult  to 
miniaturize.  At  present,  as  a  resonator  for  high 
accuracy  wrist  watch  use,  AT  and  M  cut  quartz 
resonators  are  being  proposed.  However,  in  mass 
production,  the  former  has  some  problems  parti¬ 
cularly  concerning  supporting  method,  processing 
accuracy  and  miniaturization;  and  the  latter  also 
has  some  problems  particularly  concerning  pro¬ 
cessing  accuracy  and  the  supporting  method. 

We  took  notice  of  two  significant  features  of 
GT  cut  quartz  resonators,:  excellent  frequency- 
temperature  characteristics  and  their  ability  to 
make  use  of  a  thin  quartz  plate.  Furthermore,  by 
adopting  a  photolithographic  process,  which  makes 
it  possible  to  form  any  shape  of  quartz  resonatcv, 
we  have  developed  a  new  type  GT  cut  quartz  reso¬ 
nator  for  high  accuracy  wrist  watch  use,  which 
satisfies  the:  required  electrical  characteristics. 


Design  Procedure 

The  main  characteristics  of  a  quartz 
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resonator  required  for  electronic  instruments,  and 
in  particular,  for  high  accuracy  wrist  watches,  for 
example,  yearly  accuracy  within  +  5  seconds,  are  as 
follows : 


(a)  excellent  frequency-temperature  character¬ 
istics. 

(b)  small  in  size  to  allow  freedom  in  watch 
design. 

(c)  highly  shock  resistant. 

(d)  easy  to  process  and  assemble. 

(e)  small  trequency  aging. 

(f)  of  adequate  frequency  to  prolong  battery 
life. 


Rectangular  AT  cut  quartz  resonators  and  M 
cut  quartz  resonators  now  meet  these  requirements. 
Their  development  has  made  progress.  However, 
they  are  not  used  much  in  wrist  watches.  When 
utilizing  a  GT  cut  quartz  resonator  for  wrist 
watches,  the  most  well-known  type  being  mounted 
with  two  supporting  lead  wires  at  the  center  of  a 
quartz  plate,  it  cannot  be  expected  to  satisfy 
requirements  (b)  -  (d)  at  all.  Therefore,  a  novel 
supporting  method  for  quartz  resonators  has  been 
developed  and  these  problems  have  been  worked  out. 


Processing  Method 


Fig.  1  shows  cut  angle  (fiT,G)  and  a  quartz 
plate  of  a  GT  cut  quartz  resonator.  The  cut  angle 
{fir, 9)  is  expressed  by  an  IRE  standard  yxwt  ( er/Q ). 
After  a  quartz  plate  cut  like  this  is  polished  to 
the  desired  constant  thickness,  a  photolithograpnic 
process,  as  well  as  that  of  the  tuning  fork  type 
quartz  resonator  of  +5°X-cut,  is  employed  to  form 
the  shape  and  electrode  patterns  of  a  GT  cut 
quartz  resonator.  With  this  process  there  are  two 
remarkable  benefits: 

(1)  It  is  possible  to  process  the  intricate 
shape  of  a  quartz  resonator  with  high 
accuracy. 

{2)  it  is  possible  to  reduce  costs  in  mass 
production. 

Supporting  Method 

Recently,  a  few  attempts  to  reduce  the  influ¬ 
ence  of  the  supporting  portions  of  a  quartz  reso¬ 
nator  by  means  of  a  one-body  formation  of  the  vib¬ 
rational  portion  and  supporting  portions  of  the 
quartz  resonator  and  by  mounting  it  at  the  sup¬ 
porting  ones,  have  been  made.  The  way  of  thinking 
behind  this  is  that  as  long  as  a  quartz  resonator 
is  mounted  at  its  nodal  points,  the  vibration  ener- 
by  of  the  quartz  resonator  can  be  trapped  inside 
its  vibrational  portion.  However,  a  trapped  energy 
condition  is  not  satisfactory,  if  the  shape  of  the 
supporting  portions  and  the  pedestal  are  not  speci¬ 
fically  devised  for  this  purpose.  Therefore,  a 
quartz  resonator  must  be  dealt  as  a  resonance  sys¬ 
tem  including  its  supporting  portions  and  pedestal. 
Great  care  is  not  only  needed  in  the  pedestal  de¬ 
sign,  but  also  the  size  of  the  supporting  system 


per  se  becomes  a  problem. 

We  have  constructed  a  resonance  system  includ¬ 
ing  supporting  portions  such  that  resonance  fre¬ 
quency  of  this  whole  resonance  system  becomes  ap¬ 
proximately  equal  to  that  of  the  vibrational  por¬ 
tion  alone,  a  vibration  derived  from  the  vibration¬ 
al  portion  is  not  transmitted  to  the  ends  of  the 
supporting  portions.  First  of  all,  the  resonance 
system  has  been  determined  by  taking  the  ease  of 
analysis  and  mode  of  a  vibrational  portion  into 
account.  Hence,  it  consists  of  a  beam  vibrating 
in  a  flexural  mode.  Fig.  2  shows  the  concrete 
shape  of  a  GT  cut  quartz  resonator  comprising  a 
vibrational  portion  and  supporting  portions.  Fig. 

3  shows  the  supporting  portion  of  the  quartz  reso¬ 
nator  described  in  Fig.  2  in  enlarged  detail.  To 
describe  the  principle  briefly,  a  vibration  in  the 
directions  of  the  arrows  in  Fig.  3  of  the  vibra¬ 
tional  portion  is  restricted,  because  of  the  elas¬ 
tic  portion  connected  through  the  bridge  portion. 

In  other  words,  its  vibration  is  transmitted  to  the 
elastic  portion  through  the  bridge  portion.  By 
this  method,  the  elastic  portion  which  works  as  a 
both  end  supported  beam,  vibrates  in  a  flexural 
mode.  When  the  resonant  frequency  of  the  elastic 
portion  is  approximately  equal  to  that  of  the 
vibrational  port  on,  a  vibration  derived  from  the 
vibrational  portion  is  hardly  transmitted  to 
attenuate  portion  tnd  mounting  ones.  Since  the 
energy  loss  caused  by  vibrations  at  the  end  of  the 
supporting  portion  hardly  takes  place,  the  quartz 
resonator  has  excellent  electrical  characteristics, 
even  if  it  is  mounted  on  the  pedestal  without 
great  care. 

The  optimum  shape,  size  and  vibrational  mode 
for  this  quartz  resonator  have  been  analyzed  by 
the  finite  element  method  wherein  anisotropic 
isoparametric  planar  quadriparabolic  elements 
stored  in  the  NASA  structural  analysis  program  are 
used  so  as  to  improve  the  analysis  accuracy  of  the 
flexural  mode.  An  example  of  the  shape  and  size 
of  a  quartz  resonator  having  good  electrical 
characteristics  with  a  resonant  frequency  about 
2.3MHz  is  shown  in  Fig.  4.  Furthermore,  its 
distribution  of  displacement  is  shown  in  Fig.  5. 

It  is  understood  from  Figs.  4  and  5  that  the 
effect  of  the  supporting  portions  appears  suffici¬ 
ent.  For  the  quartz  resonator  shown  in  Fig.  4, 
the  relationship  between  its  resonant  frequency 
when  its  mounting  portions  are  free  (tFree)  and 
when  they  are  fixed  CFixed)  is  as  follows: 

(fw.  ,-f„  )/f_  <  1.0  X  10‘6 . (1) 

Fixed  Free  Free 

On  the  basis  of  this  result  it  is  possible  to 
ignore  the  influence  of  the  supporting  portions. 
Accordingly,  the  vibrational  portion  and  supporting 
portions  of  a  quartz  resonator  can  be  dealt  with 
as  a  one-body  problem.  Consequently,  since  the 
quartz  resonator  is  not  only  easy  to  assemble  but 
also  is  firmly  mounted  on  the  pedestal,  it  is 
highly  shock  resistant  and  furthermore,  it  is 
possible  to  miniaturize. 

Fig.  6  shows  a  mode  chart  for  the  quartz 
resonator  in  Fig.  4  and  Fig.  7  shows  its  three 
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modes  (A) ,  (B)  and  (C)  respectively.  A  GT  cut 
quartz  resonator's  electrical  characteristics  are 
influenced  by  the  intensity  of  the  coupling  bet¬ 
ween  the  width-extensional  vibration  (A)  of  the 
fundamental  vibration  and  the  length-extensional 
vibration  (C)  of  the  sub-vibration.  The  (B)  mode 
is  called  the  edge  mode,  however  its  intensity  is 
so  weak  as  to  enable  us  to  ignore  its  influence  on 
the  fundamental  vibration.  In  order  to  maintain  a 
constant  frequency  difference  between  the  fundamen¬ 
tal  vibration  and  the  sub-one  as  well  as  that  of 
the  conventional  GT  cut  quartz  resonator  itself, 
that  is  to  say,  to  obtain  a  constant  intensity  of 
coupling  between  the  fundamental  vibration  and  the 
sub-one,  from  which  excellent  frequency-temperature 
characteristics  are  to  be  obtained,  it  is  found 
from  Fig.  6  that  the  width  to  length  ratio,  also 
called  the  dimensional  ratio,  becomes  larger  than 
the  conventional  one,  because  mode  (C)  is  sup¬ 
pressed  by  the  addition  of  the  supporting  portions. 

The  conventional  rectangular  GT  cut  quartz 
resonator  has  its  best  frequency-temperature 
characteristics  with  a  width  to  length  ratio  of 
approximately  0.86,  but  the  r.ew  type  GT  cut  quartz 
resonator  proposed  by  us,  as  predicted  in  Fig.  6, 
has  its  best  frequency-temperature  characteristics 
with  a  width  to  length  ratio  of  approximately 
0.96. 

Now,  there  are  many  possible  shapes  for  the 
supporting  portions  of  a  quartz  resonator  using 
the  principle  described  in  this  study.  In  this 
paper,  however,  only  the  shape  shown  in  Fig.  2  is 
described  as  an  example. 

Size 

For  a  quartz  resonator  for  wrist  watches  a 
small  size  is  desirable.  More  precisely,  it  is  to 
be  desired  that  the  dimension  of  the  short  side  of 
the  vibrational  portion  is  smaller  than  2.0  so 
as  to  allow  freedom  in  watch  design.  Since  a  GT 
cut  quartz  resonator's  frequency-temperature 
characteristics  are  directly  dependent  upon  the 
width  co  length  ratio  of  its  vibrational  portion, 
its  optimum  ratio  must  be  chosen  with  this  in 
trind.  First  of  all,  we  analyzed  the  frequency- 
temperature  characteristics,  using  a  frequency 
equation  (2),  of  the  rectangular  GT  cut  quartz 
resonator,  and,  in  particular,  carefully  examined 
the  relationship  between  the  width  to  length  ratio 
and  frequency-temperature  characteristics.  Taking 
these  results  into  account,  an  analysis  was  trade 
by  the  finite  element  method  concerning  the  shape 
proposed  by  us. 

f  =  2lj  [l+k1R2±J(l-k1R2)+4klR2] 

.  (2) 

where,  w:  a  dimension  of  width 

R:  the  width  to  length  ratio 
f:  density 
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Figs.  8  and  9  show  temperature  coefficients 
of  the  first  order  and  the  second  order  versus  cut 
angle,  when  the  width  to  length  ratio  of  the 
rectangular  quartz  plate  is  changed. 


Experimental  Results 

According  to  the  results  of  the  above  mention¬ 
ed  analysis,  we  have  actually  manufactured  reso¬ 
nators  and  have  experimentally  examined  their 
various  electrical  characteristics. 

Investigation  of  a  Dimensional  Ratio 

Fig.  10  illustrates  the  relationship  between 
the  dimensional  ratio  (R)  and  the  temperature 
coefficients  (o(,/3)  of  the  first  order  and  the 
second  order  at  20°C  of  a  GT  cut  quartz  resonator 
having  supporting  portions  as  shown  in  Fig.  4  and 
a  cut  angle  of  yxwt (55. 5/45°) .  As  shown  in  Fig. 

10,  when  the  dimensional  ratio  is  about  0.96,  0< 
and  /?  approach  zero.  The  dimensional  ratio 
becomes  larger  than  the  conventional  one.  This  is 
why,  by  arranging  the  supporting  portions  con¬ 
nected  at  the  ends  cf  the  vibrational  portion,  the 
length-extensional  vibration  of  the  sub-vibration 
is  suppressed  a  little  as  compared  with  that  of 
the  conventional  rectangular  resonators.  In  other 
words,  the  sub-vibration  becomes  lowet  than  the 
conventional  one.  Therefore,  in  order  for  temper¬ 
ature  coefficients  o(,  /i  to  approach  to  zero,  the 
resonant  frequency  between  the  fumdamental  vibra¬ 
tion  and  the  sub-vibration  must  approach  each 
other.  This  experimental  result  is  in  firm  agree¬ 
ment  with  theoretictl  prediction. 

Fig.  11  shows  the  temperature  coefficient  0< 
versus  the  dimensional  ratio  (R)  when  the  dimen¬ 
sions  of  the  supporting  portions  are  changed.  The 
sign  E  in  Fig.  11  is  the  curve  for  a  quartz  reso¬ 
nator  having  the  dimension  of  the  supporting 
portions  shown  in  Fig.  4,  and  the  sign  F  is  the 
curve  for  a  quartz  resonator  in  which  the  dimen¬ 
sions  of  the  bridge  portions  and  the  attenuate 
ones  are  larger  than  those  of  the  one  in  Fig.  4. 
Since  the  length-extersional  vibration  of  the 
quartz  resonator  F  is  suppressed  more  than  that  of 
the  quartz  resonator  E,  in  order  to  make  the  first 
order  temperature  coefficient  of  the  quartz 
resonator  F  approach  zero,  its  dimensional  ratio  R 
must  be  larger  than  that  of  the  quartz  resonator 
E.  And  furthermore,  as  shown  in  Fig.  11  the 
change  of  #  versus  R  at  the  dimensional  ratio 
w/L=0.96  is  expressed  by  the  following  equation 
(3) : 
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—  =1.7  ppra/°C/% 
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This  value  is  small  in  comparison  with  that  of  the 
conventional  rectangular  GT  cut  quartz  resonator, 
which  has  a  value  of  2.4  to  2.5ppm/*C/°/0  and  so 
the  dependence  of  the  first  order  temperature 
coefficient  versus  the  dimersional  ratio  is  eased 
up.  The  dimensional  ratio  R  is  one  factor  in 
representing  intensity  cf  the  coupling  between  a 
vidth-extensional  vibration  and  a  length-exten- 
sional  vibration.  However,  taking  into  consider¬ 
ation  that  the  quartz  resonator  is  to  be  formed  by 
a  photolithographic  process,  as  a  still  more 
practical  way  of  showing  the  intensity  of  the 
coupling  between  them  we  have  adopted  8  together 
with  the  dimensional  ratio  R  ,  and  it  is  defined 
as  follows: 


Investigation  of  Thickness 


Figs.  15  and  16  show  the  relationship  between 
the  temperature  coefficients  (ot,/3)  and  thickness 
respectively.  Both  the  temperature  coefficients 
have  nothing  to  do  with  the  thickness,  when  the 
thickness  is  less  than  70  jam.  Namely: 


9  t  "9t 


(8) 


Therefore,  the  thickness  of  a  quartz  resonator  is 
determined  so  as  to  avoid  unwanted  spurious  vib¬ 
rations  which  are  dependent  upon  the  thickness, 
and,  moreover,  so  as  to  take  the  processing  accura¬ 
cy  of  the  photolithographic  process  into  account. 

Characteristics 


6  =  (fH-fL)  X  100/ fH  .  (4) 

where,  f  :  high  resonant  frequency  for 
(A)  mode  in  Fig.  6. 

ft  :  low  resonant  frequency  for 
(C)  mode  in  Fig.  6. 


Fig.  12  illustrates  the  change  of  8  versus  R, 
in  which  the  dots  are  experimentally  measured 
values  and  the  solid  line  is  a  caliculated  value 
determined  by  the  finite  element  method.  The 
experimental  result  is  in  good  agreement  with  the 
theoretical  prediction.  Fig.  13  shows  the  experi¬ 
mental  results  of  temperature  coefficients  of  the 
first  order  and  the  second  order  (C /.,/?)  versus 
the  factor  5  .  The  change  of  CX 
versus  5  at  8  =  10%  is  approximately  expressed 
by  the  following  equation  (5) : 

=  -2.19  ppm/’C/Vo  .  (5) 

d  b 


Investigation  of  Cut  Angle 

Fig.  14  illustrates  the  experimental  resulLs 
of  three  temperature  coefficients  (c for  a 
GT  cut  quartz  resonator  having  a  dimensional  ratio 
w/L=0.96  and  thickness  t=50  jum.  There  are  two  cut 
angles 52.5°  and  55.5°,  for  which  the  first 
order  temperature  coefficient  is  almost  zero.  The 
temperature  coefficients  of  the  second  order  and 
the  third  order  ( /3 , 8" )  are  as  follows  when  the 
cut  angle  is  about  52.5°: 


|/3|  <  2  X  l(fVc2 

\d\  <  5  X  10'12/°c3 


(6) 


Then,  the  sensitivity  of  the  first  order 
temperature  coefficient  (cX  )  versus  cut  angle  JS  at 
/j*-52.5°  is  as  follows: 

=  0.9  X  lO'Vc/deg  .  (7) 


We  have  manufactured  resonators,  for  example, 
the  width,  length  (not  Including  supporting  por¬ 
tions)  ,  thickness  and  cut  angle  of  which  have 
values  of  1.41mm,  1.47mm,  0.07mm  (a  dimensional 
ratio  0.96)  and  53°  respectively,  and  have  experi¬ 
mentally  examined  their  various  electrical  charac¬ 
teristics.  The  quartz  resonator  is  firmly  mounted 
on  the  pedestal  by  adhesive  and  is  enclosed  in  a 
vacuum.  The  main  characteristics  of  this  design 
are  summarized  as  follows: 

(1)  frequency: 

(2)  motional  capacitance: 

(3)  quality  factor: 

(4)  series  resistance: 

(5)  frequency  temperature 
coefficients: 


2.3MHz 

2.5fF  , 
200  to  300  X  10 
HOfl. 


(X 

IT 


1  X  io-8/^ 
4.5  X  10  7° 


Furthermore,  the  experimental  results  show 
three  noteworthy  features: 

(i)  The  relationship  between  the  width  to 
length  ratio  and  cut  angle  remarkably 
differs  from  that  of  the  well-known  GT 
cut  quartz  resonator.  For  a  dimensional 
ratio  of  about  0.93  to  0.98  and  a  cut 
angle  of  about  52°  to  60°  all  three 
temperature  coefficients  are  almost 
zero,  yielding  excellent  frequency- 
temperature  characteristics. 

(ii)  The  temperature  coefficients  differ 
markedly  from  those  of  the  well-known  GT 
cut  quartz  resonators;  namely,  the 
temperature  of  the  inflection  point  is 
lowered  and  the  frequency  shift  is  less 
than  four  parts  per  million  within  the 
temperature  range  of  -30°C  to  +70°C. 

(iii) The  temperature  coefficients  in  relation 
to  the  width  to  length  ratio  is  de¬ 
creased.  It  is  therefore  easy  to  pro-- 
cess  the  quartz  resonator. 

Fig.  17  shows  an  experimental  example  of  the 
frequency-temperature  characteristics  of  a  new  GT 
cut  quartz  resonator  together  with  that  of  an  AT 
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cut  quartz  resonator  and  a  +5°X-cut  quartz  reso¬ 
nator  of  the  tuning  fork  type.  It  has  experimen¬ 
tally  been  confirmed  that  frequency-temperature 
characteristics  are  changed  remarkably  by  changes 
in  the  shape,  size  and  cut  angle  of  a  quartz 
resonator. 

Crystal  Unit 

Photo  1  shows  an  oscillator,  which  has  a 
length  of  6.0mm,  a  width  cf  3.2mm,  and  a  thickness 
of  0.8mm,  developed  by  us,  in  which  a  resonator 
having  the  above-mentioned  electrical  character¬ 
istics  is  housed. 


Conclusion 

In  this  paper,  the  GT  cut  quartz  resonator 
described  has  been  analyzed  by  the  finite  element 
method.  The  vibrational  portion  and  supporting 
portions  of  the  quartz  resonator  are  one-body- 
formed  by  a  photolithographic  process,  and  the 
shape  of  the  supporting  portions  is  greatly  im¬ 
proved.  As  a  result,  the  energy  losses  caused  by 
vibrations  at  the  supporting  portions  are  extremely 
reduced  and  so  it  is  possible  to  miniaturize  this 
quartz  resonator  easily.  It  has  been  found  that 
it  is  possible  to  obtain  excellent  frequency- 
temperature  characteristics  with  the  conventional 
GT  cut  quartz  resonator,  even  if  the  supporting 
portions  are  connected  and  added  to  the  vibration 
portion  of  the  quartz  resonator,  by  properly 
combining  the  dimensional  ratio  and  cut  angle  of 
the  quartz  resonator.  By  adding  the  supporting 
portions,  the  dependence  of  the  frequency-tempera- 
ture  characteristics  to  the  dimensional  ratio  is 
eased  up.  Therefore,  it  becomes  easy  to  manufac¬ 
ture  this  quartz  resonator.  This  quartz  resonator 
not  only  receives  great  attension  as  a  resonator 
for  wrist  watches,  but  also  is  applicable  to  other 
electronic  instruments. 

The  shape  for  the  quartz  resonator  in  this 
study  is  applicable  to  other  contour  vibration 
modes,  such  as  a  pure  width-extensional  resonator, 
and  will  also  be  applicable  to  still  other  types 
of  quartz  resonators. 
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X'  Fig.  1 


Fig.  1  shows  a  coordinate  system,  in  which 
cut  angle  yxwt(0/9)  and  a  quartz  plate  of 
a  GT  cut  quartz  resonator  are  Illustrated. 


Fig.  3  shows  enlarged  detail  of  the 
supporting  portion  of  the  quartz  reso¬ 
nator  described  in  Fig.  2. 


Fig.  4 


OBVERSE  ELECTRODE 


SUPPORTING  PORTION  SUPPORTING  PORTION 

Fig.  2 

Fig.  2  shows  a  concrete  shape  and  electrode  disposition 
of  a  GT  cut  quartz  resonator  consisting  of  a  vibra¬ 
tional  portion  and  supporting  portions. 


X' 


Fig.  5 


Fig.  4  shows  an  example  of  the  Fig.  5  shows  distribution  of  displacement  on 

shape  and  size  obtained  by  an  analysis  A-A  line  of  a  GT  cut  quartz  resonator  analyzed 

of  the  finite  element  method.  by  the  finite  element  method. 
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FIRST  ORDER  TEMPERATURE  COEFFICIENT  ot  (1/°C)  RESONANT  FREQUENCY 


40  50  60  70  80  90  10  -10  -10 

CUT  ANGLE  0  (DEGREE)  THE  SECOND  ORDER  TEMPERATURE  COEFFICIENT  (S  (1/ 

Fig.  8  Fig.  9 

Fig.  8  shows  the  relationship  between  the  Fig.  9  shows  the  relationship  between  the  second  order 

first  order  temperature  coefficient  and  temperature  coefficient  and  cut  angle  versus  the  width 

cut  angle  versus  the  width  to  length  ratio  to  length  ratio  R^^  of  the  rectangular  GT  cut  quartz 

R^  of  the  rectangular  GT  cut  quartz  resonator,  resonator. 


10  /°c 


0=55.5 

6=45° 


A  DIMENSIONAL  RATIO  R 


Fig. 10  illustrates  the  relationship 
between  a  dimensional  ratio  R  and  tem¬ 
perature  coefficients  ($(,0)  at  20°C. 


0.92  0.94  0.96 

A  DIMENSIONAL  RATIO  R 


Fig.  11  shows  the  relationship  between 
temperature  coefficient  and  dimensional 
ratio  R  versus  the  change  of  supporting  portions 


BY  FEM 


•  EXPERIMENTAL 


A  DIMENSIONAL  RATIO  R 
Fig.  12 

Fig.  12  illustrates  the  relationship  bet¬ 
ween  $  and  R  of  a  quartz  resonator  calcu¬ 
lated  by  FEM,  and  obtained  by  the  experiment. 
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Fig.  13  shows  the  experimental  results  of  tem 
perature  coefficients  of  the  first  order  and 
second  order  (dU J)  versus  the  factor 


OTX  ‘0o/q_0TX) 


R=0. 96 
t=50pm 


.  :  T 


<9-  'S 


CUT  ANGLE  <8  (DEGREE) 

Fig.  14 

Fig.  14  illustrates  the  experimental  results  of  three 
temperature  coefficients  versus  cut  angle. 
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Fig.  15 

Fig.  15  shows  the  first  order  temperature 
coefficient  versus  thickness 
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Fig.  16 

Fig. 16  shows  the  second  order  temperature 
coefficient  vers.us  thickness. 


A:  OUR  NEW  GT-CUT  QUARTZ  RESONATOR 

B:  AT  CUT  QUARTZ  RESONATOR 

C:  CURRENT  TUNING  FORK  QUARTZ  RESONATOR 


Photo  1  shows  an  oscillator  developed 
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TEMPERATURE  (°C) 

Fig.  17 

Fig.  1(7  shows  an  experimental  example  of  frequency- 
temperature  characteristics  of  a  new  GT  cut  quartz 
resonator  together  with  that  of  an  AT  cut  quartz 
resonator  and  a  +5°X-cut  quartz  tuning  fork  resonator 
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Summary 

The  requirement  for  the  practical  application 
of  miniaturized  AT-cut  crystal  resonator,  of  which 
frequency  temperature  behavior  is  cubic  curve,  has 
increased  in  accordance  ith  the  development  of 
miniaturization  of  electronic  components.  The  ratio 
of  diameter  to  thickness  of  the  conventional  circu¬ 
lar  disk  AT-cut  plate  is  usually  more  than  15,  but 
the  ratio  of  miniaturized  one  described  in  this 
paper  is  ranged  from  4.338  to  4 . 683 ;  (diameter: from 
6.329  mm  to  6.832  mm,  thickness: 1.457  or  1.459  mm, 
resonance  trequency:  about  1.2  MHz). 

The  cut  angle  of  specimen  is  decided  by  the 
coupling  modulus  g,  which  is  the  ratio  of  the 
thickness  shear  modulus  to  the  plate  flexure  modu¬ 
lus.  The  frequency  temperature  behavior  of 
different  cut  angle  was  measured.  With  chang¬ 

ing  the  diameter  of  specimen,  the  same  measurment 
was  also  carried  on. 

The  inflection  temperature  and  a  very  little 
change  in  resonance  frequency  within  wide  tempera¬ 
ture  range  are  discussed  by  the  experimental 
results. 

Introduction 


The  miniaturized  crystal  resonator,  of  which 
shape  is  almost  the  tuning  fork  type,  has  been  put 
into  practice  in  *.ie  industry  of  wrist  watch  in 
compliance  with  the  development  of  miniature 
electronic  components. 

Owing  to  the  electrical  behaviors  of  the  tun¬ 
ing  fork  crystal  resonator,  the  temperature  compen¬ 
sating  circuit  and  the  combination  of  twin  quartz 
crystals  are  necessary  for  keeping  accuracy. 

The  miniaturized  crystal  resonator,  which 
shows  the  frequency  temperature  behavior  of  cubic 
curve,  has  been  urged  by  recent  development  of  ap¬ 
plication  of  IC  and  LSI.  Recently  the  tuning  fork 
type  crystal  resonator  with  cubic  frequency  temper¬ 
ature  behavior  has  been  produced,  and  its  resonance 
frequency  is  approximately  lOOKHz. 

The  miniaturization  of  AT-cut  crystal  plate, 
on  the  other  hand,  has  been  studied,  and  a  bar  type 
resonator  and  a  biconvex  bar  type  resonator  have 
been  put  into  practical  use  at  resonance  frequency 
of  about  4.19MHz.  The  small  size  circular  disk 
AT-cut  crystal  resonator  had  been  already  reported 
at  the  30th  Annual  Symposium  on  Frequency  Control1. 


Present  paper  is  concerned  with  its  frequency  tem¬ 
perature  behavior.  The  following  subjects  are 
described  in  this  paper. 

1)  Althouth  the  ratio  of  diameter  to  thickness  is 
small,  the  cubic  characteristics  in  frequency  tem¬ 
perature  behaviors  have  been  obtained  by  the  proper 
combination  of  cut  angle  and  ratio. 

2)  A  very  little  change  in  the  resonance  frequency 
is  found  within  wide  temperature  range  (e.g.  about 
from  -10°C  to  40°C). 

3)  The  second  order  temperature  coefficient  of  fre¬ 
quency  shows  negative  value  in  case  of  cut  angle  4° 
15’  5°10’ ,  positive  value  in  case  of  6°55'  '''7°30' 
and  almost  zero  at  6°50'. 

4)  The  inflection  temperature  is  changed  between 
50°C  and  -10°C  by  the  adequate  selection  of  both 
cut  angle  and  ratio  of  diameter  to  thickness. 


Decision  of  the  ratio  of  diameter  to  thickness 

The  chart,  which  shows  the  relation  between 
the  resonance  frequency  and  the  ratio  of  diameter 
to  thickness  of  the  disk,  is  basically  necessary 
for  the  design  of  the  circular  disk  crystal  resona¬ 
tor.  A  part  of  the  chart  obtained  from  the  exper¬ 
iment  is  shown  in  Fig.l.  It  is  understood  from 
Fig.l  that  only  dominant  frequency  response  is  ap¬ 
peared  within  the  ratio  of  4.300  4.800. 

The  designed  ratio  in  this  paper  is  decided  to 
be  4.338  n,  4,683  by  the  chart. 

The  specimen  is  obtained  by  polishing  its 
diameter  by  a  few  micron  meter  without  decreasing 
it3  thickness,  that  is  to  say,  the  thickness  is 
1.459  or  1.457  mm. 


Specimen  for  measurement 

When  the  circular  disk  AT-cut  crystal  resona¬ 
tor  is  miniaturized  by  polishing  its  diameter,  the 
fundamental  resonance  frequency  response  contains 
the  coupling  between  thickness  shear  mode  and  flex¬ 
ural  mode. 

The  coupling  modulus  between  thickness  shear 
mode  and  flexural  one  is  explained  in  Ref.  (2)  and 
it  is  expressed  by  formula  (1), 
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12  <  Cu  -  Cl2/  C22  > 

where  tt2C6  6  /12  is  the  thickness  shear  modulus, 
(  C i i  -  C12/C22  )  is  the  flexural  modulus,  and  g  is 
the  coupling  modulus. 


The  value  of  g  varies  in  accordance  with  the 
variation  of  elastic  constants  depending  on  cut 
angle.  Fig. 2  shows  the  variations  of  thickness 
shear  modulus,  the  flexural  modulus  and  the  coupl¬ 
ing  modulus  g  normalized  at  the  value  of  cut  angle 
2  58’  from  Z-minor  face.  The  minimum  value  of  g 
corresponds  to  approximately  6°50'  a  6°55',  and  in 
this  part  the  thickness  shear  modulus  also  is  almost 
minimum  value,  on  the  other  hand,  the  value  of 
flexural  modulus  (denoted  by  S  in  Fig.2)  increases 
with  cut  angle.  The  value  of  g  between  4°15'  and 
5°10'  is  declining,  but  the  minimum  value  of  g  ap¬ 
pears  in  the  range  of  6°50'  *v»  7°30'.  Tow  groups 
of  cut  angle,  i.e.  4°15'  %  5°10'  and  6°50'  a  7°30', 
are  chosen  for  the  specimen. 

The  each  specimen  was  gradually  polished  its 
diameter  ,  and  its  frequency  temperature  behavior 
was  measured  by  the  it  network  system  as  shown  in 
Fig. 3.  Fig. 4  shows  the  construction  of  air  gap 
type  holder  used  in  measurement.  The  picture  of 
air  gap  type  holder  is  shown  in  Fig. 5.  The  crystal 
current  was  held  to  be  0.2mA  during  measurement. 


Experimental  results 

'T’l  e .  -  .  ,  ,  -  .  -  .  -  1  »  J  r 

xue  a.  L  LCiui>ciatUic  utuavioio  iUl  i»i 

tals  of  various  cut  angles  from  Z-minor  face  were 
measured  at  constant  ratio  4.677.  Fig. 6  shows  the 
experimental  results.  It  is  shown  in  Fig. 6  that 
the  resonance  frequency  scarcely  changes  in  the 
range  of  45',055°C  at  cut  angle  4°15'.  Although  the 
ratio  of  diameter  to  thickness  is  4.677,  the  fre¬ 
quency  temperature  behavior  is  shown  by  cubic  curve. 

Fig.  7  (a)  a  (n)  show  the  experimental  results 
of  the  frequency  and  the  crystal  impedance  (Cl)  - 
temperature  behaviors.  The  frequency  temperature 
behaviors  were  measured,  when  the  specimen's  diame¬ 
ter  was  changed  by  polishing  . 

It  is  shown  in  Fig. 7  (c)  and  (1)  that  a  little 
change  in  the  resonance  frequency  is  found  within 
wide  temperature  range,  e.g.  20°C  n,  70°C  at  the 
ratio  4.635  and  -10°C  a>  40°C  at  the  ratio  4.362  re¬ 
spectively. 

If  a  proper  selection  between  cut  angle  and 
ratio  of  diameter  to  thickness  is  made  in  case  of 
another  cut  angle,  it  is  expected  by  Fig. 7  that 
same  characteristics  as  mentioned  above* in  the  wide 
temperature  range  will  be  obtained. 


Discussion 


The  requency  temperature  behavior  of  piezo¬ 
electric  resonator  depends  on  cut  angles,  ratio  of 
dimension,  order  of  overtone,  shape  of  plate,  and 
type  of  mounting?  The  dependence  of  both  cut  angle 
and  ratio  of  dimension  on  the  frequency  temperature 


behavior  has  been  mainly  studied  by  experimental 
results  in  this  paper.  The  measured  frquency,  f, 
of  a  miniaturized  circular  disk  crystal  resonator 
as  a  function  of  the  temperature,  T,  can  be  develop¬ 
ed  in  power  series  in  the  vicinity  of  the  frequency 
,  f0,  at  the  arbitrary  temperature,  T„,  shown  as 
formula  (2), 


-£"~  £°  =  —  =  A(  T  -  T0)  +  B(  T  -  T0)2 

-)  /  ->  > 
+  C(  T  -  T0)  . .  <  1  I 

where  A,  B,  and  C  are  the  first,  second,  and 
third-order  temperature  coefficients  of  frequency. 

The  temperature  coefficient  of  the  frequency, 
Tf,  is  given  by  formula  (3), 


3f  2 

-  =  A  +  2B(  T  -  Tc)  +  3C(  T  -  To) 

3T 

-  (  3  ) 


Temperature  coefficients  of  the  frequency  Tf 

Fig.  8  (a)  A  (f)  show  the  relations  between  Tf 
and  temperature  with  changing  the  ratio  of  diameter 
to  thickness  at  the  cut  angle  from  4°15’  to  5°10'. 
Fig.  9  (a)  A/  (f)  show  same  relations  ranging  from 
6°50'  to  7°30'  in  order  to  compare  with  Fig. 8. 

lne  inflection  temperature  corresponding  to 
the  minimum  value  of  Tf  increases  gradually  with 
decreasing  the  ratio  of  diameter  to  thickness  as 
shown  in  Fig. 8.  But,  the  inflection  temperature 
in  Fig. 9  decreases  except  for  6°50'.  Tf  value  at 
small  frequency  change  within  wide  temperature 
range  is  nearly  equal  to  zero. 

The  reproducibility  of  the  experimental  result 
was  taken  into  consideration  by  another  polished 
specimen.  Fig. 10  shows  the  reproducibility  of 
frequency  temperature  behavior.  The  reliability  of 
experimental  results  is  considered  to  be  good  by 
comparing  Fig. 7  (c)  with  Fig. 10. 


The  first,  second,  and  third  order  temperature 
coefficients 


Fig.  11  (a)  A.  (f)  are  the  relations  between  the 
first,  second,  and  third  order  temperature  coeffi¬ 
cients  of  frequency  and  the  ratio  at  each  cut  angle 
ranging  from  4°15'  to  5°10',  and  Fig. 12  (a)  A  (f) 
are  the  same  relations  ranging  from  6°50'  to  7°30'. 

The  second  order  temperature  coefficient  B  in 
Fig. 11  has  negative  values;  increasing  the  ratio  of 
diameter  to  thickness  the  values  of  B  decreas  at  4° 
15'  and  4°20';  keep  approximately  constant  at  4°30' 
and  4°40';  increase  at  5°00'  and  5°10'. 

On  the  other  hand,  the  B  values  in  Fig. 12  are 
positive,  and  decrease  with  increasing  the  ratio. 
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The  inclinations  of  the  first,  second,  and 
third  order  temperature  coefficients  with  the  ratio 
in  Fig. 12  are  larger  than  those  in  Fig. 11. 


Inflection  temperature 

The  Inflection  temperature  Tp  is  obtained  by 
the  next  formula  (4), 

Tp  =  -  ■  +  Tc  (  °C  )  (  4  ) 

where  B,  C  are  same  as  formula  (2),  T0  is  25°C. 

It  is  obvious  from  Fig. 7  (a)  (h)  and  Fig. 8 

(a)  a,  (f)  that  the  small  size  disk  crystals  of  cut 
angle  ranging  from  4°15'  to  5°10'  show  increasing 
inflection  temperature  from  40°C  to  60°C  with  the 
descent  of  the  ratio.  These  crystal  resonators  are, 
therefore,  not  suitable  for  watches. 

The  discussion  on  inflection  temperature  is 
restricted  within  cut  angle  from  6°50'  to  7°30'. 

Fig, 13  shows  the  relations  of  inflection  tem¬ 
perature  versus  the  ratio  of  diameter  to  thickness. 
The  inflection  temperature  of  the  miniaturized  cir¬ 
cular  d.sk  declines  with  the  decrease  of  the  ratio. 

If  the  cut  angle  as  7° 10'  and  the  ratio  as  4.3 
62  are  decided,  the  miniaturized  circular  disk 
crystal,  of  vfhich  inflection  temperature  is  about 
15°C  and  t>'e  change  of  resonance  frequency  is 
almost  negligible  in  the  wide  temperature  range 
C-10°C  a,  40°C) ,  will  be  obtained. 


The  relation  between  q  and  manufacturing  accuracy 

The  frequency  temperature  behavior  is  influ¬ 
enced  by  the  ratio  as  mentioned  above.  The  rela¬ 
tion  between  the  ratio  and  the  coupling  modulus  g 
is  expressed  by  formula  (5) , 


A4  -  3A2 

g - * - — 1 - j- 

3A  -  9(  1  -  (  to  /  (o  T) 


(  5  ) 


where  0)  >  w,  A=  y  /  (d/h)  (w/w) ,  d:  diameter, 
h:  thickness,  w:  resonance  angular  frequency  at  the 
arbitrary  ratio  of  dimension,  (3=(C6e/p) 1 '  JTr/h, 
p:  density  of  quartz  crystal,  y:  solution  of  secu¬ 
lar  equation  explained  in  Ref.  (2). 


The  normalized  frequency  varies  with  the  ratio 
of  diameter  to  thickness,  and  its  experimental 
results  are  shown  in  Fig. 14.  Fig. 15  shows  the 
linear  relation  between  normalized  coupling  modulus 
and  ratio  of  diameter  to  thickness  calculated  by 
formula  (5).  Fig. 16  shows  the  normalized  coupling 
modulus  variation  with  cut  angle  at  the  ratio  in 
case  of  a  very  little  change  in  resonance  frequency. 
In  Fig. 16  point  A  is  a  calculated  value  at  2°58'  by 
formula  (1),  but  group  of  points,  marked  B,  are 
calculated  by  experimental  values  at  25°C. 


Comparing  Fig. 2  with  Fig. 16,  Fig. 2  seems  to  be 
corresponded  to  the  relation  between  normalized 


coupling  modulus  and  cut  angle  at  the  constant 
ratio,  but  Fig. 16  is  the  same  relation  accompanied 
with  variation  of  ratio. 

It  is  obvious  that  the  changing  rate  of  the 
coupling  modulus  in  Fig. 16  is  greater  than  that  in 
Fig. 2  by  approximately  80  times  for  having  an  ef¬ 
fect  of  the  ratio  in  addition  to  the  cut  angle. 

It  is,  therefore,  desired  that  an  accuracy  less 
than  2  micron  meter  is  required  for  polishing  the 
diameter  of  miniaturizing  circular  disk  crystal. 

For  example,  the  diameter  at  the  ratio  4.630 
os  shown  in  Fig. 7  (d)  differs  from  that  at  4.629  by 
approximately  1.5  micron  meter,  and  the  difference 
of  the  frequency  temperature  behavior  between  them 
is  less  than  2  ppm. 


Conclusion 


Generally  speaking,  the  inflection  temperature 
is  seemed  to  Increase  with  the  miniaturization  of 
the  crystal  resonator.  But  it  was  explained  in 
this  paper  that  the  inflection  temperature 
decreases  in  case  of  miniaturized  circular  disk 
crystal  resonator  by  the  adequate  selection  between 
the  cut  angle  and  the  ratio  of  dimension  to  thick¬ 
ness,  and  also  a  very  little  change  of  resonance 
frequency  within  wide  temperature  range  is  obtained 
oy  above  mentioned  selection. 
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Fig.  5-  Picture  of  Air  Gap  Type  Holder. 
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Cut  Angies  form  Z-Minor  Face  (Diameter :6.824mm 
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(a) ;Cut  Angle  4°15 ' , (b) ;Cut  Angle  4°18 ' , (c) ;Cut  Ai  gle  4° 
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( j ) ; Cut  Angle  6°55 ' , (k) ;Cut  Angle  7°00 ' , (1) ;Cut  Angle  7° 
(m);Cut  Angle  7°20 ' , (n) ;Cut  Angle  7°30'. 


4  0  20  '  , 
4°40 '  , 
6°50 ' , 
7°10  1 , 


Af/f  xlO 
+50  (— 


<a)i|”  15‘ 


Af/f  xlO 
+50 


(b)  (|°  18' 


RATIO  Cl 
4.655 


10  20  30  40  50  60  70  80  -10  0  10  20  30  40  50  60  70  80 

TEMPERATURE  <*C  )  TEMPERATURE  (*c  ) 

Fig.  7-  (a) ,  (b> :  Frequency  and  Crystal  Impedance  -Temperature  Behaviors 
(a);  Cut  Angle  4*15*,  (b) ,  Cut  Angle  4°18'. 
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"  U)#<3):  Frequency  and  Crystal  Impedance  -Temperature  Behaviors 
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Fig.  10-  Reproducibility  of  Frequency  Temperature  Dehavior 
at  T£=0  in  case  of  Cut  Angle  4°20\  Specimen’., 
plane  surface  is  polished  by  I  2000  emery,  ard  also 
side  surface  by  #  500  diamord  hand  stone. 
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A  :  X  10'6  ,  B  :  X  )0's  ,  C  :  X  lO'10 

Fig.  11  -  (a)Mf):  The  first/ second,  and  third  order  Temperature  Coefficients  versus  Ratio  of 
Diameter  to  Thickness,  calculated  by  Experimental  Result  (Cut  Angles  are  from 
4°15 '  to  5U01). 
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A  :  X  10“6  ,  B  :  X  10"8  ,  C  :  X  1CT 10 

Fig.  12  -  (a)Mf):  The  first,  second,  and  third  order  Temperature  Coefficients  versus  Ratio  of 

Diameter  to  Thickness,  calculated  by  Experimental  result  (  Cut  Angles  are  from 
6°50 '  to  7° 30 1 ) . 
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Fig* 15-  Normalized  g  Variation  with  Ratio  of 
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Fig.  16  -  Normalized  Coupling  Modulus  Variation 
with  Cut  Angle  for  Ratio  in  case  of 
a  very  little  change  in  Resonance 
Frequency;  Point  A  is  a  calculated 
value  by  formula  {  1  ) ,  Group  B  points 
are  calculated  by  measuring  results. 
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IMPROVING  FREQUENCY-TEMPERATURE  CHARACTERISTICS 
OF  GROOVED  AT-CUT  PLATES 

Mitsuo  Nakazawa 
Shinshu  University 
Nagano,  Japan 


Summary 

The  aim  of  this  study  has  been  to  further 
improve  the  frequency-temperature  characteristics 
of  grooved  AT-cut  plates. 

Carefully  applying  the  similitude  principle, 
we  cut  a  rectangular  or  a  circular  groove  in  the 
middle  of  standard  AT-cut  plates  and  finished  the 
floor  of  the  groove  to  resemble  the  surface  of  a 
plano-convex  lens.  The  basic  characteristics  of 
grooved  AT-cut  plates  were  clarified  by  experi¬ 
ments,  and  the  frequency  equation  of  these  plates 
is  developed.  Through  experiments  to  find  the 
most  suitable  relationship  between  the  ratio  of 
the  thickness  of  the  grooved  area  to  that  of  the 
surrounding  material  and  the  outside  dimensions, 
and  through  a  theoretical  analysis,  we  have  been 
able  to  produce  grooved  AT-cut  plates  which  show 
the  best  frequency-temperature  characteristics. 

Introduction 

Accompanying  progress  in  IC  technology  over 
the  past  few  years,  quartz  crystal  resonators 
have  come  to  play  a  central  part  in  the  clock  and 
watch  making,  communications  and  measuring  instru¬ 
ment  industries  as  functional  components  in  which 
it  is  possible  to  rather  easily  achieve  high  per¬ 
formance  and  high  stability  and  the  part  thus 
played  will  probably  become  even  more  important 
from  now  on  and  no  doubt  there  will  be  a  need  to 
develop  quartz  crystal  resonators  offering  even 
higher  performance  and  ultra  high  stability.  At 
the  present  time  it  is  essential  in  practical 
resonators  that 

(1)  they  are  small, 

(2)  unwanted  responses  are  reduced  to  zero, 

(3)  crystal  impedances  are  minimal, 

(4)  they  are  easy  to  support, 

(5)  frequency-temperature  characteristics 
are  good, 

(6)  stability  is  high,  and  so  on. 

In  particular,  as  far  as  support  structures  are 
concerned,  there  are  such  as  the  tuning  fork  type 
quartz  crystal  resonators  for  watches  which  are 
superior  to  older  ones  in  the  low  frequency  range. 
However,  when  it  comes  to  supports  for  the  quartz 
crystal  resonators  used  in  the  high  frequency 
range,  a  pair  of  wire  clips  or  metal  ribbons  are 
used  to  connect  directly  to  the  conventional 
vibration  nodal  point.  With  these  structures,  the 
nonlinear  effects  on  crystal  resonators  due  to 
support  power  slightly  affect  the  main  vibration 


a-'d,  in  addition  to  this,  further  improvement  in 
vibration  and  shock  resistance  is  necessary. 
Recently,  as  the  thickness  of  quartz  crystal 
plates  has  continued  to  be  reduced  to  meet  high 
frequency  requirements  in  particular,  this 
problem  has  been  magnified. 

Over  the  past  few  years  the  new  resonators 
have  been  studied  intensively  to  try  to  find  a 
way  to  simply  and  effectively  solve  problems  (1) 
and  (4),  referred  to  above[l-4].  This  is  done  by 
grooving  or  reducing  the  thickness  of  the  central 
area  of  quartz  plates  used  in  thickness  vibration. 
To  fulfil  requirements  (1)  to  (5)  the  resonators 
have  been  improved  by  cutting  a  rectangular  groove 
or  a  circular  groove  ir.  the  central  area  and 
finishing  the  floor  of  the  cut-out  portion  in  the 
shape  of  a  plano-convex  lens  to  be  the  main 
vibrator  (Fig.l)  a  so  called  "quartz  crystal  plate 
with  a  distorted  convex  lens  shaped  groove".  This 
present  study  deals  with  grooved  AT-cut  plates  of 
this  type  and  sets  out  to  show  their  various  basic 
characteristics  experimentally  and,  in  particular, 
to  improve  their  frequency-temperature  character¬ 
istics  (5) . 

Basic  Characteristics 

What  are  the  basic  and  ordinary  character¬ 
istics  of  so-called  grooved  quartz  crystal  plates? 

This  chapter  endeavours  to  clarify  the  basic 
characteristics  of  grooved  quartz  crystal  plates 
and  experiements  are  carried  out  to  determine  the 
following: 

(.1)  What  laws  do  the  frequency  mode  charts 
for  thickness  obey? 

(2)  What  are  the  vibration  modes? 

The  experimental  quartz  crystal  plates  used 
in  these  tests  are  the  rectangular  and  circular 
grooved  AT-cut  types. 

Frequency  Mode  Chart  and  Frequency  Constants 

Fig. 2  shows  samples  No.l,  No. 2  and  No. 3, 
three  identically  shaped  rectangular  quartz 
crystal  AT  plates  having  the  same  dimensions  and 
samples  No.l  and  No. 2  are  cut, according  to  the 
same  procedure,  on  an  ultrasonic  wave  processing 
machine.  In  the  middle  of  sample  No.l  a  groove 
or  cutaway  section,  similar  in  shape  to  the 
surrounding  plate,  is  cut.  The  outside  dimensions 
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of  this  grooved  area  in  sample  No. 2  are  exactly 
the  same  as  those  in  No.l  but  the  floor  of  the 
groove  in  No. 2  is  finished  in  the  shape  of  a 
plano-convex  lens  whose  radius  of  curvature  R 
is  100mm.  Sample  No. 3  is  a  standard  quartz 
crystal.  The  external  shape  and  dimensions  of 
No. 3  are  exactly  the  same  as  those  of  Nos.l  and  2. 


The  frequency  constants  for  samples  No.l  to 
No. 3,  are  obtained  by  the  least  square  method 
from  a  large  volume  of  data.  Strictly  speaking, 
these  constants  fi'Yo'  and  fz'Yo  ate  seen  to 
become  slightly  smaller  each  time  that  y0'  or  y0 
is  reduced.  From  these  data,  we  can  learn  the 
following: 


First  of  all  we  prepare  a  frequency  mode 
chart  for  the  thickness  of  sample  No.l.  As 
indicated  in  Fig.l,  the  thickness  of  the  surround¬ 
ing  material  and  that  of  the  grooved  portion  have 
been  referred  to  as  y0  and  y0',  respectively, 
where  R  is  infinite.  Now,  keeping  thickness 
(y0  -  y0')  constant,  we  continually  observe 
resonant  frequency  as  affected  by  minute  changes 
in  y0  or  y0' . 

Fig. 3  is  a  measured  frequency  mode  chart  for 
sample  No.l  when  readings  are  taken  in  the  manner 
described  above.  The  large  and  small  black 
circles  seen  in  Fig. 3  are  in  direct  proportion  in 
size  to  the  strength  of  vibration  produced  in  the 
quartz  crystal  plates.  Again  when  the  Yo'/Yo 
ratio  exceeds  0.7893,  the  amount  by  which  y0  is 
reduced  by  grinding  each  time  is  approximately 
350pm,  but  when  the  ratio  is  less  than  the  above 
figure,  y0  is  reduced  by  about  100pm  each  time. 
From  Fig. 3  then  we  learn  the  following: 

As  Yo  i-s  reduced  in  size,  the  frequencies  of 
groups  (a)  and  (b)  change  as  shown  in  the  hy¬ 
perbola  curves.  Group  (c)  is  not  greatly  depend¬ 
ent  on  a  reduction  in  y0,  and  group  (d)  which  is 
scarcely  related  to  the  reduction  in  y0  at  all, 
and  so  on.  Group  (a)  is  produced  in  the  high  fre¬ 
quency  range  and  its  vibration  strength  also  is 
great.  Group  (b)  is  produced  in  a  lower  frequency 
area  than  (a)  and,  when  the  Yo' /Yo  ratio  is  great, 
vibration  is  great  but  as  this  ratio  becomes 
smaller,  vibration  strength  decreases.  In  the 
case  of  group  (c),  frequency  gradually  increases 
as  y0  is  reduced  but  vibration  strength  is  still 
small.  However,  as  far  as  y0  is  concerned,  it  is 
periodically  bound  to  group  (a)  or  (b) . 

From  what  has  been  seen  so  far,  it  can  be 
said  that  in  the  periphery  of  group  (a) ,  which  a’-e 
the  main  vibration  of  sample  No.l,  there  exist  a 
lot  of  unwanted  modes  which  have  an  undesirable 
effect  on  group  (a).  In  order  to  eliminate  these 
unwanted  modes  and  to  increase  the  Q  value  of  the 
main  vibrations,  sample  No. 2  is  designed  and  made. 
On  the  basis  of  the  principle  of  analogy,  it  is 
possible  to  get  a  general  idea  of  the  frequency 
mode  chart  for  sample  No. 2  from  Fig. 3. 

However,  since  the  floor  of  the  grooved  or 
cutaway  portion  of  sample  No. 2  is  in  the  form  of 
a  plano-convex  lens,  as  far  as  the  frequency  mode 
chart  related  to  y0'  is  concerned,  few  unwanted 
modes  are  produced  on  the  periphery  of  the  main 
vibration  belonging  to  group  (a) .  In  this  way 
frequency  mode  charts  are  prepared  for  the  y0'  of 
the  main  vibrations.  For  purpose  of  comparison, 
both  the  experimental  and  theoretical  values  for 
the  main  vibration  frequency  constants  for  the 
standard  AT-cut  plate  (s«*vle  No. 3)  are  ob¬ 
tained. 


Accompanying  the  change  from  sample  No. 3 
type  flat  AT-cut  plates  to  grooved  AT-cut  plates 
such  as  samples  Nos.l  and  2, the  frequency  constant 
/Vy0'for  the  main  vibration,  as  taken  from  the 
experimental  result,  increases  from  1.675MHz-mm 
to  1.777MHz-mm  and  1.789MHz-mm,  an  increase  of 
about  1.1%  and  1.3%. 


Next,  concerning  the  effect  on  the  frequency 
constant  due  to  the  difference  between  the  shape 
of  the  grooves  in  samples  Nos.l  and  2,  we  obtain 


and 


t/l,yo,]No.2/[/l'y°’] 


No.l 


1.007 


t/2’y°  ]No.2/[/2’yo  ]No.l“  1,00Z  • 

In  other  words,  because  the  floor  of  the 
groove  or  cutaway  in  No. 2  sample  is  in  the  form 
of  a  plano-convex  lens,  when  compared  with  No.l, 
it  is  seen  that  there  is  an  increase  in  the 
frequency  constants  of  the  groove  area  itself  and 
of  the  quartz  material  surrounding  the  groove  of 
0.7%  and  0.2%,  respectively. 

It  is  well  known  that  as  y0  decreases,  the 
value  for  sample  No. 3  gradually  approaches  the 
calculated  value  of  1.664MHz-mm  and  we  observed 
one  example  of  this  in  these  experiments. 

Frequency  Constants  of  Practical  Grooved  AT-cut 
Plates 


We  built  an  experimental  precision  grinding 
machine  to  use  in  making  practical  grooved  AT-cut 
plates. 

The  sample  of  crystal  is  fixed  in  the  frame 
in  the  middle  of  the  fixed  plate  of  the  grinder 
and  directly  above  the  center  of  it  a  cylindrical 
hard  metal  cutting  tool  is  placed. 

The  grinding  liquid  used  is  a  solution  of 
green  carbon  in  water  and  this  is  poured  ont  the 
quartz  while  gradually  rotating  the  grinding  tool. 

Fig. 4  sets  out  the  /i'y0'  frequency  constants 
found  in  relation  to  y0'  for  practical  square  AT- 
cut  plates  (length  x  width  x  thickness:  Xq  *  z0  * 
y0)  with  a  circular  groove  (diameter  *  thickness 
x  radius  of  curvature:  d'  x  y0'  x  R)  in  the  middle 
and  circular  disk  AT-cut  plates  (diameter  x 
thickness:  d  x  y0)  with  a  circular  groove 
(diameter  x  thickness  x  radius  of  curvature: 
d'  x  y0<  x  R)  in  the  middle,  the  readings  for  the 
former  being  indicated  by  mark  O  and  for  the 
latter  by  mark*  .  fi'Yo'~  Yo 1  characteristics 
fluctuated  a  little  and  any  such  fluctuation  is 
regarded  as  probably  due  to  coarsenesses  of  the 
surface  of  the  crystal  plates.  The  radii  of 
curvature  of  the  floor  of  the  groove  in  both 
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plates  are  approximately  36mm. 

In  Fig. 4  if  the  method  of  least  squares  is 
used  to  find  fi'y0'  of  the  square  plates,  the 
value  obtained  is  1.7S7MHz-mm  and  the  result 
in  the  case  of  the  circular  plates  is  1.770MHz-mm 
making  the  average  for  these  two  1.764MHz-mm  or  a 
little  smaller  than  the  /i'y0'  for  Nos.l  and  2 
samples  referred  to  above.  From  these  results 
we  see  that  when  using  the  kind  of  grooved  crystal 
plate  with  the  dimensions  shown  in  Fig. 4,  if  it 
is  so  designed  that  the  thickness  of  the  middle 
of  the  grooved  area  is  around  yo'  =  0.418  ~ 

0.422  mm,  it  will  be  possible  to  obtain  the  222Hz 
frequency  required  for  watch  resonators. 

Fig. 5  shows  the  f\'yo'  characteristics  for 
R  in  circular  grooved  AT-cut  plates.  It  can  be 
seen  that  the  smaller  R  becomes,  the  greater 
JVy0'  becomes. 

Vibration  Modes 

In  order  to  understand  the  main  vibration 
mode  for  the  grooved  AT-cut  resonators,  electric 
probe  experiments  are  carried  out. 

As  shown  in  the  left  side  in  Fig. 6,  sample 
No. 2  is  placed  in  an  electric  probing  device  and 
the  main  vibration  belonging  to  group  (a)  is 
excited.  Again  together  with  the  upper  electrode, 
sample  No. 2  is  moved  horizontally  from  a  to  g  by 
means  of  a  motor.  At  the  same  time,  the  induct¬ 
ion  current  based  on  the  piezoelectric  effect 
passing  though  the  probe  is  amplified  and  the 
output  is  pictured  on  a  recorder.  Then  we  learn 
the  relationship  between  the  position  on  the 
crystal  and  the  intensity  of  the  induction  current 
to  the  probe,  as  shown  in  the  right  side  in  Fig. 6. 
The  four  areas  of  distribution  show  the  readings 
obtained.  When  the  yo'/y0  ratio  is  close  to 
unity,  the  electrical  polarization  distribution 
for  sample  No. 2  is  very  close  to  that  for  No. 3 
and  in  this  case  the  ratio  yo'/yo  =  0.949  corres¬ 
ponds  to  this  and  along  the  AB  line  the  main 
vibrations  are  distributed  in  almost  a  sine  wave 
form.  However,  there  is  higher  order  vibration  in 
combination  with  higher  contour  modes  and  it  is 
seen  that  peaks  are  superposed  on  the  sine  waves 
referred  to  above.  As  the  Yo'/yo  ratio  decreases, 
electrical  polarization  distribution  gradually 
comes  to  be  concentrated  in  the  ab  area  of  the 
grooved  part  of  sample  No. 2. 


It  follows,  in  view  of  the  distribution  pattern 
shown  in  Fig. 7,  that  any  distortion  in  the  grooved 
crystal  plate  will  reach  its  maximum  at  the  middle 
of  the  groove  and  that  at  its  immediate  circum¬ 
ference  distortion  will  be  down  almost  to  zero. 

We  may  conclude  from  this  that  most  of  the 
main  vibration  energy  of  the  grooved  plate  will 
be  concentrated  inside  the  groove  area,  as 
mentioned  above.  From  these  facts  and  taking  into 
account  the  distribution  of  electrical  polarizat¬ 
ion  shown  in  Figs. 6  and  7,  it  may  be  said  that  it 
is  best  to  try  to  support  these  grooved  AT-cut 
plates  at  the  most  suitable  sides. 

Frequency  Equation 

It  is  possible  to  think  of  the  central 
grooved  domain  (I)  of  a  rectangular  grooved  AT- 
cut  plate  and  the  surrounding  material  (II) 
separately  and  also  to  think  of  the  main  vibrat¬ 
ions  belonging  to  group  (a)  produced  in  the  domain 
(I)  and  vibrations  belonging  to  group  (b)  produced 
in  the  domain  (II)  as  mechanically  linked.  Fig. 8 
shows  this  relationship  in  equivalent  circuits. 

M  is  mutual  inductance  g sverning  electromagnetic 
coupling.  C0  is  the  electrical  capacitance  of 
the  quartz  crystal  plate.  If  w  is  the  angular 
frequency  of  circuits  for  exciting  voltage  E,  then 

Zi  -  J  w  L\  +  -p—j 

shows  the  motional  impedance  for  the  main 
vibrations  of  region  (I) ,  in  which  j  is  an 
imaginary  unit.  Further,  the  motional  impedance 
for  region  (II)  becomes 

ZfR»*j  uLt  *  J-~c^ 

Now  if  in  Fig. 8  we  call  the  current  passing 
through  regions  (I)  and  (II),  jj  and  respec¬ 
tively,  then  according  to  Kirchhoff's  laws, 

Z j  Ji  +  j  u  M  Ii  -  E  , 

0  to  M  1\  +  Zz  I2  =  0, 

(1)  =  2  TT  /,  M  =  k  4~li  ,  (1) 

in  which  /  and  k  are  frequency  and  coupling 
coefficient,  respectively. 


From  what  has  been  set  out  in  this  section 
and  above,  it  is  concluded  that  the  main  vibrat¬ 
ion  belonging  to  group  (a)  of  grooved  AT-cut 
plates  samples  Nos.)  and  2  is  the  thickness- 
shear  mode. 

We  shall  now  discuss  another  example.  Fig. 7 
shows  the  three-dimensional  distribution  of  ele¬ 
ctrical  polarization  in  a  small  grooved  AT-cut 
plate.  The  diameter  (d1)  of  the  circular  groove 
of  this  rectangular  plate  is  4.5  mm  and  the 
radius  of  curvature  of  the  groove  is  100mm.  When 
the  thickness  at  the  middle  is  yo'  —  99pm,  the 
main  resonant  frequency  is  17.7252SMHz  at  25°C. 


Generally,  since  i?i  and  r 2  are  quite  small, 
if  we  disregard  them,  we  obtain  the  following 
formula  for  resonant  frequency  f: 


2tt  1  Ci 


f2 


1 

2ir  Cz 
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(3) 


r0  =  (/2//02  • 


If,  taking  report  [S]  into  account,  fi  and  /2 
are  the  resonant  frequencies  showing  the  thickness 
-shear  modes  of  regions  (I)  and  (II)  of  sample 
No.l,  respectively,  then  we  obtain  the  following 
equations  without  the  effect  of  electrode: 


f,-_3 _ /c$6  Lcn/pyo'  \2.  .t+C£5./r 

2y0V  p  i1  cts^qxoj /  1  C66\q 


in  which  p  is  the  density  of  the  quartz  crystal 
and  Ci i ,  C55  and  Cg6  are  the  elastic  stiffness 
constants  converted  to  a  coordinate  system  for 
AT-cut  quartz  crystal  plates.  At',A£  and  so  on 
show  the  correction  coefficients.  These  show  the 
values  for  rectangular  AT-cuts  at  i  -  1,  and  also 
show  those  for  circular  disk  AT-cuts  at  i  =  2. 


Hence  we  obtain,  from  equation  (2)  ~  (4),  the 
resonant  frequency  /  showing  the  mode  (p=l,  q=l, 
and  r=0)  of  rectangular  grooved  AT-cuts  as 


(f  =  1,  2). 


m  =  /(r0)  (l+ctCT-  r0)2+|{r-  2’0)3+  ...}, 

(7) 

where  T0  is  reference  temperature  and  a,  6  and  y 
are  the  first,  second  and  third  order  frequency- 
temperature  coefficients,  respectively.  For 
instance,  a  is  defined  as 


a.  (Ii£  .  C®) 

\f  w) To 

We  assume  here  that  coupling  coefficient  k  is 
independent  of  temperature.  Hence,  we  obtain 


a  =  cti  +  4,  (a2  -  cii  )  , 


where  A0is  a  constant  which  includes  k  and  ro, 
and  cti  and  a2  is  defined  as 


From  equation  (9) ,  to  obtain  the  best  fre¬ 
quency-temperature  characteristics  of  the  grooved 
AT-cut  plates,  we  can  choose  as 


oti  =  a2, 

!«i  I  =  minimum  (11) 

by  making  use  of  the  similitude  principle.  Hence, 
the  following  relationship  is  required  for  mode 
(110): 


(12) 


and  simultaneously,  the  grooved  AT  plates  have  to 
be  selected  according  to  equation  (11),  in  which 
it  is  necessary  that  the  values  for  k  are  not  too 


small. 


The  plus  and  minus  signs  in  equations  (5) 
correspond  to  the  main  frequenci  "  oups  (a) 
and  (b) ,  respectively.  In  order  pply  the 
similitude  principle  we  shall  make  che  yo'/xo^' 
ratio  of  sample  No.l  equal  to  the  yo/x0^  ratio  of 
it.  Then  we  obtain  the  relation  m  =  az  in 
equations  C4)  ~  (5). 

By  using  those  results  and  the  measured 
values  for  [  f\ '  yo'  1  of  Nos.  1,  2  and  S,  we 
find  the  curves  k  vs  yo'/yo.  as  shown  in  Fig. 9. 
The  curves  also  show  the  k  characteristics  for  the 
different  shapes  of  these  resonators.  From  Fig. 9 
it  is  found  that  the  great  part  of  k  exists 
between  zero  and  0.3. 

Frequency-Temperature  Characteristics 

Frequency  f  obtained  by  equation  (5)  is  well 
known  as  a  function  of  temperature  T  and  it  is 
approximately  expanded  by  Taylor  series  as 


Fig. 10  shows  the  measured  values  for  resonant 
frequency-temperature  characteristics  for  sample 
No. 2  when  yo'/yo  is  taken  as  the  parameter.  The 
reference  temperature  To  is  25°C.  From  Fig. 10  the 
smaller  the  yo'/yo  ratio  becomes,  the  smaller  the 
frequency  fluctuation  in  relation  to  temperature 
also  becomes. 

Similarly,  Figs. 11  and  12  show  the  measured 
values  for  resonant  frequency -temperature  for 
samples  4  and  5.  The  external  shape  of  No. 4  is  a 
rectangular  and  it  has  a  circular  groove  at  the 
middle,  as  shown  in  Fig. 11.  The  floor  of  the 
groove  is  then  finished  to  resemble  the  surface 
of  a  plano-convex  lens  having  a  radius  of 
curvature  of  21  mm.  On  the  other  hand  the 
external  shape  of  No.S  is  a  circular  disk  and  it 
has  a  circular  groove  at  the  middle,  as  shown  in 
Fig. 12.  The  floor  of  groove  is  formed  to  the 
plano-convex  with  radius  R=68.5mm. 

For  sample  No. 2  it  is  theoretically  seen  that 
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when  y0'/y0  ratio  is  about  0,4,  the  best  frequency 
-temperature  characteristics  will  be  obtained, 
and  the  frequency  accuracy  will  be  a  few  ppm  over 
the  temperature  range  -10°C  -  60°C.  Fig. 10  shows 
the  experiment  proof. 

Similarly,  for  sample  No. 4  it  is  theoreti¬ 
cally  seen  that  the  best  frequency-temperature 
characteristics  will  be  obtained  at  yo'/yo=0'S, 
and  the  frequency  accuracy  will  be  within  a  few 
ppm  over  temperature  range  -10°C  ~  60°C.  Fig. 11 
data  confirms  this. 

For  sample  No. 5  it  is  also  found  that  the 
best  frequency-temperature  characteristics  will 
be  obtained  at  yo'/yo  =  0.66.  Fig. 12  makes  this 
clear. 

Conclusion 


[5]  H.  Fukuyo,  "Researches  in  Modes  of  Vibrations 
of  Quartz  Crystal  Resonators  by  Means  of  the 
Probe  Method",  Bulletin  of  Tokyo  Institute  of 
of  Technology,  A-l,  28-67,  Mar.  1955. 

[6]  H.  Fukuyo,  H.  Yoshie  and  M.  Nakazawa,  "The 
Unwanted  Responses  of  the  Crystal  Oscillator 
controlled  by  AT-cut  Plate",  Proc.  21st  AFCS, 
402-419,  June  1967. 

[7]  P.  C.  Y.  Lee  and  K.  M.  Wu,  "Coupled  Reso¬ 
nances  in  Doubly  Rotated  Crystal  Plates", 
Proc.  33rd  AFCS,  May  1979. 

[8]  A.  Ballato,  "Force-Frequency  Compensation 
Applied  to  Four-Point  Mounting  of  AT-cut 
Resonators','  IEEE  Trans.  Sonics  and  Ultrason., 
Vol .  SU-25,  223-226,  1978. 


In  this  study,  the  following  conclusions  are 
drawn  j 

(1)  To  improve  supportability,  a.\d  to  reduce 
the  unwanted  responses  and  the  crystal  impedances, 
special  grooved  AT-cut  plates  are  proposed  [6-8] . 

(2)  It  •  possible  to  improve  the  frequency- 
temperature  characteristics  by  finding  the  most 
suitable  relationship  between  the  ratio  of  the 
thickness  of  the  grooved  area  to  that  of  the  sur¬ 
rounding  material  and  outside  dimensions.  Through 
these  optimum  designs  of  grooved  AT-cut  plates, 

we  can  also  make  small  resonators. 
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R=l00mm,  No.3:Flat). 
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NEW  TYPE  TWIN  MODE  RESONATOR 


Shlgeru  Kogure,  Eishi  Momcsaki  and  Tetsumi  Sonoda 


Suwa  Seikosna  Co. ,  Ltd. 
Suva  Japan 


Summary 

In  the  quartz  crystal  tuning  fork  at  the 
angle  of  cut  near  the  cut,  we  coupled  the  first 
overtone  of  the  flexural  mode  (F;l  mode)  with  the 
fundamental  vibration  of  the  torsional  mode  (To 
mode)  and  could  make  both  the  1st-  and  2nd-order- 
frequency-temperature  coefficients  zero. 

The  frequency-temperature  characteristics 
(f-T  characteristics)  of  this  resonator  disperse 
due  to  the  dispersion  of  the  coupling  resulting 
from  the  dimensional  dispersion  in  the 
manufacturing  processes.  We  established  the 
adjustment  method  of  the  f-T  characteristics  by 
adding  or  reducing  the  mass  at  the  vibrational  node 
of  the  Fi  mode. 

This  resonator  is  designated  new  type  Twin 
Mode  (TM)  Resonator. 


Introduction 

In  recent  years,  32  kHz  quartz  crystal 
tuning  fork  with  +5°X  cut  is  mainly  used  in  the 
electronic  wristwatches.  It  is  because  this 
resonator  features  the  parabolic  f-T 
characteristics  in  the  room  temperature  and  low 
power  consumption  due  to  a  low  frequency.  But, 
even  if  this  resonator  is  used,  time  error  of  about 
20  seconds  per  month  may  occur.  Therefore,  in 
order  to  realize  the  electronic  wristwatches  with 
high  accuracy  and  long  life,  we  developed  a  new 
quartz  crystal  tuning  fork  with  a  low  frequency  and 
the  excellent  f-T  characteristics  by  using  the 
coupling  between  two  modes,  and  reported  about  it 
at  the  last  symposium. 1  This  resonator  is 
designated  TM  Resonator. 

Because  the  coupling  is  used  in  the  TM 
Resonator,  the  dispersion  of  the  coupling  results 
in  the  dispersion  of  the  f-T  characteristics.  In 
order  to  manufacture  TM  Resonator  in  high 
productivity,  the  coupling  must  be  adjusted.  We 
used  the  Fi  mode  in  order  to  adjust  the  coupling 
easily. 

Hereinafter,  we  describe  the  calculated 
results  and  the  experimental  results  as  to  the 


matters  of  the  f-T  characteristics  and  the 
adjustment  of  the  f-T  characteristics. 

Analysis 

Model  of  calculations 

We  theoretically  analysed  the  matters  of 
the  coupling,  f-T  characteristics  and  the 
adjustment  of  the  f-T  characteristics  with  the 
computer  program  of  the  finite  element  method 
called  NASTRAN.  The  tuning  fork  is  divided  into 
the  finite  hexahedron  elements  as  shown  in  Fig.  1. 
Fig.  2  represents  the  coordinate  system.'  Detailed 
calculation  method  is  referred  to  the  appendix  in 
the  literature.1 

f-T  characteristics 

For  a  long  time,  the  f-T  characteristics 
have  been  recognized  to  be  affected  by  the 
coupling  between  the  main  mode  and  the  spurious 
mode.  TM  Resonator  uses  this  coupling  for 
improving  f-T  characteristics.  Let’s  consider  f-T 
characteristics  in  terms  of  the  frequency- 
temperature  coefficients.  The  resonant  frequency 
f(T)  of  the  Fi  mode  at  a  given  temperature  can  be 
expressed  as 

f  (T)=f  (20)  {l+a(T-20)+6(T-20)z  +y(T-20)3  }  (1) 

,  where  a  :  lst-order  temperature  coefficient 
8  :•  2nd-order  temperature  coefficient 
Y  :  3rd-order  temperature  coefficient 
T  :  Temperature 

As  our  aim  is  to  obtain  the  cubic  f-T 
characteristics  in  the  room  temperature,  both  o 
and  B  must  be  made  zero. 

We  noticed  that  in  the  quartz  crystal 
tuning  fork,  whose  arms  are  directed  along  the  Y 
axis,  cut  from  the  Z  plate  rotated  clockwise 
around  the  X  axis  by  several  degrees,  the  lst- 
order  temperature  coefficient  of  the  flexural  mode 
was  negative  and  the  lst-order  temperature 
coefficient  of  the  torsional  mode  positive.  Then, 
we  think  it  possible  to  change  the  lst-order 
temperature  coefficient  of  the  flexural  mode  from 
negative  to  zero  by  coupling  the  flexural  mode 
with  the  torsional  mode,  and  confirmed  it 
actually.1  In  order  to  make  the  1st-  and  2nd- 
order  temperature  coefficients  zero 
simultaneously,  the  cutting  angle  must  be 
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adjusted.  That  is,  in  order  to  make  both  the  Isl¬ 
and  2nd-order  temperature  coefficients  zero,  two 
parameters  of  coupling  and  the  angle  of  cut  must 
be  adjusted. 

Fig.  3  represents  the  frequency  spectrum. 
The  pictures  in  the  parentheses  represent  the 
typical  chart  for  the  vibrational  modes  of  the  two 
arms.  The  F^  mode  is  coupled  with  the  To  mode  in 
the  vicinity  of  160pm  in  thickness.  Fig.  4 
represents  a,  6  and  derived  by  means  of  the 
least  square  method  from  the  calculated  resonant 
frequencies  of  the  coupled  F;l  mode  for  eight 
temperatures  with  the  thickness  in  the  vicinity  of 
160pm.  Fig.  4  represents  the  calculated  results 
a,  3  and  y  for  two  thicknesses  with  o,  *  and  A. 

By  obtaining  a,  8  and  y  for  the  thickness  between 
the  above  two  thicknesses  by  means  of  the  linear 
approximation  and  substituting  these  a,  8  and  y 
into  the  equation  (1),  the  maximum  variation  from 
0°C  to  40°C  of  { f ( T)  -  f (20) }/ f (20)  of  the  coupled 
Fl  mode  is  obtained.  Similar  calculation  is 
performed  for  $  other  than  -12.5°,  and  the  result 
is  shown  in  Fig.  5.  From  Fig.  5,  A  of  the  coupled 
F^  mode  is  predicted  to  be  minimum  at  -12.3°  in 
<f  near  the  cut,  that  is  0.2ppm.  Fig.  6 
represents  the  theoretically  predicted  f-T 
characteristics  for  the  different  thicknesses.  As 
shown  in  this  figure,  the  A  is  0.2ppm  for  158.02pm 
in  thickness.  And  for  the  variation  of  only 
O.Clpm,  the  f-T  characteristics  so  much  change. 
Similarly,  the  f-T  characteristics  so  much  change 
for  the  dimensional  dispersion  other  than 
thickness.  Therefore,  in  the  mass-production  it 
is  necessary  to  exactly  control  the  dimensions  and 
adjust  the  f-T  characteristics  finally.  And  it  is 
theoretically  predicted  that  the  dispersion  of  4> 
must  be  restricted  within  +2.5'  (5'  range)  in 
order  to  make  A  to  be  less  than  lppm. 

Adjustment  of  f-T  characteristics 

When  the  resonator  are  produced  with  the 
aim  to  obtain  the  theoretically  predicted  f-T 
characteristics,  the  angle  of  cut  and  the 
dimensions  inevitably  disperse. 

As  mentioned  above,  if  the  dimensions  do 
not  disperse  and  are  equal  to  the  optimal  values, 

A  can  be  made  to  be  less  than  lppm  by  restricting 
the  dispersion  of  the  angle  of  cut  to  be  within 
12.5',  and  it  is  possible  with  today's 
manufacturing  techniques.  The  factors  that  may 
affect  the  coupling  so  much  are  1,  w  and  t.  The 
dispersions  of  1,  w  and  t  are  written  as  Al,  Aw 
and  At,  and  these  dispersions  are  several  microns. 
As  1  is  large  in  comparison  with  w  and  t,  the 
effect  of  Al  on  the  coupling  is  regarded  small  and 
can  be  neglected.  Therefore,  the  dispersions 
which  affects  the  coupling  so  much  are  considered 
to  be  Aw  and  At.  When  b=0,  the  optimal  values  are 
as  follows  : 

4>opt="12. 5° ,  tOpt=158.02)jm,  WQpt=370pm, 

lopt=2890pm  and  dOpt=900pm. 

The  f-T  characteristic.,  can  be  adjusted  by 
compensating  the  Aw  and  the  At  occurred  in 


manufacturing  processes.  Hereafter  we  mention  the 
basic  concepts  for  this  compensation.  The 
resonant  frequencies  of  the  Fl  mode  and  the  To 
mode  at  20°C  are  written  as  fp  and  fT,  and  the 
ratio  of  f-p  to  fF  is  written  as  R(=fq’/fF).  We 
considered  that  the  dispersion  of  the  f-T 
characteristics  was  caused  by  the  dispersion  of 
the  R  mainly  derived  from  the  dimensional 
dispersion  from  the  fact  that  one  of  the  f-T 
characteristics  corresponds  one  R  for  the 
individual  resonator  experimentally.  That  is,  we 
considered  the  cause  to  consist  in  the  fact  that 
R  dispersed  from  the  optimal  R  for  the  individual 
resonator. 

Fig.  7  shows  the  displacements  of  the  Fp 
mode  and  the  To  mode.  The  displacements  in  this 
figure  represent  those  on  the  line  AB  on  the  mid¬ 
plane.  Ux  is  the  displacement  in  the  X  direction 
and  Up  the  torsional  angle  about  the  Y'-axis  (the 
line  AB)  .  For  the  Fj_  mode,  there  is  a  vibrational 
node  at  the  position  0.22  from  the  top  of  the  arm 
when  the  length  of  the  arm  is  regarded  as  1.  For 
the  To  mode,  there  is  not  a  vibrational  node  on 
the  arm.  The  equivalent  mass  of  the  Fp  mode  at 
the  node  is  very  large  and  that  of  the  To  mode  at 
the  same  position  is  small.  Therefore,  if  the 
mass  is  reduced  or  added  at  this  position,  it  is 
possible  to  change  fj  so  much  without  changing 
fF  so  much.  That  is,  it  is  possible  to  change  R. 

It  is  necessary  to  use  the  node  of  the  flexural 
vibration  for  the  adjustment  of  the  f-T 
characteristics,  and  for  this  reason  1st  overtone 
is  used  instead  of  the  fundamental  mode.  By  using 
1st  overtone,  some  favorable  effects  are  also 
expected,  that  is  the  high  Q,  the  small  frequency 
deviation  due  to  gravity  and  the  improvement  of 
the  aging  rate  of  the  frequency. 

So  as  to  ascertain  whether  it  is  possible 
to  adjust  the  f-T  characteristics  by  reducing  or 
adding  the  mass  at  the  node,  in  other  words, 
whether  it  is  possible  to  compensate  Aw  and  At 
with  the  mass  at  the  node,  we  performed  the 
vibrational  analysis  with  NASTRAN. 

At  first,  we  consider  whether  it  is 
possible  to  compensate  At  with  the  mass  at  the 
node  when  w  does  not  disperse  and  only  t  disperses. 
Fig.  8  represents  the  relationship  between  R  and 
the  frequency  variation  A'(={f(40)  -  f (20) )/f (20) ) 
of  the  coupled  Fi  mode.  The  solid  line  represents 
the  relationship  between  R  and  A'  for  the 
different  thicknesses  without  evaporating  the 
metal  films.  Points  1  and  3  show  the  calculated 
results  when  the  metal  films  are  evaporated  over 
900pm  in  width  on  the  both  sides  of  the  arms  at 
the  nodes.  Points  2  and  4  show  the  calculated 
results  when  the  metal  films  are  reduced  over 
150pm  in  width  on  the  both  sides  of  the  arms  at 
the  nodes.  Point  5  is  the  calculated  result  when 
the  metal  films  are  reduced  over  450pm  in  width  on 
the  both  sides  of  the  arms  at  the  nodes.  Arrows 
represent  the  behavior  of  the  adjustment.  The 
points  1,  2,  3,  4  and  5  are  on  the  solid  line  and 
this  shows  that  the  dispersion  of  the  thickness  At 
can  be  compensated  by  reducing  the  metal  films  on 
the  both  sides  of  the  arms  at  the  nodes.  This 
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shows  that  At  is  equivalent  to  the  mass  at  the 
nodes,  too. 

Fig.  9  represents  a  and  8  on  the  ct-8  plane 
which  are  obtained  from  the  f-T  characteristics  in 
Fig.  8.  Points  1',  2',  3',  4'  and  5'  correspond  to 
the  points  1,  2,  3,  4  and  5  in  Fig.  8,  respectively. 
It  is  known  that  points  (cx,8)  get  toward  the  the 
origin  by  reducing  the  metal  films  on  the  both 
sides  of  the  arms  at  the  nodes.  This  corresponds 
to  the  compensation  of  At. 

Fig.  10  represents  the  relationship  between 
R  and  A'  similarly.  The  solid  line  represents  the 
relationship  between  R  and  A'  for  the  different 
thicknesses  without  evaporating  the  metal  films. 
Point  6  shows  the  calculated  result  when  the  metal 
films  are  not  evaporated.  Point  7  shows  the 
calculated  result  when  the  metal  films  are 
evaporated  over  350pm  on  the  both  sides  of  the  arms 
at  the  nodes.  Points  6  and  7  are  on  the  solid  line 
and  this  shows  that  At  can  be  compensated  by 
evaporating  the  metal  films  on  the  both  sides  of 
the  arms  at  the  nodes.  This  shows  that  At  is 
equivalent  to  the  mass  at  the  nodes,  too. 

As  mentioned  above,  it  becomes  clear  when 
only  thickness  disperses.  At  can  be  compensated  and 
consequently  the  f-T  characteristics  can  be  also 
adjusted  by  evaporating  the  metal  films  on  the  both 
sides  at  the  nodes  or  reducing  the  evaporant  at  the 
same  position.  Calculations  are  performed  for  the 
model  which  has  the  concentrated  mass  at  the  grid 
points  as  the  effect  of  the  metal  films.  In  all 
the  calculations,  the  masses  on  the  both  sides  at 
the  nodes  are  equal. 

Next,  we  considered  whether  it  is  possible 
to  compensate  At  and  Aw  with  the  mass  at  the  nodes 
when  w  disperses  in  addition  to  At.  The  solid  line 
in  ^ig.  11,  which  is  equal  to  the  solid  line  in  Fig. 
10,  represents  the  relationship  between  R  and  A' 
for  the  different  thicknesses  with  w=W0pt>  The 
broken  lines  in  Fig.  11  represent  the  relationships 
between  R  and  A'  for  the  different  thicknesses  with 
Aw=±2ym.  The  broken  lines  are  adjacent  to  the 
solid  line,  but  the  R's  for  A'=0  with  Aw=±2pm  are 
slight  different  from  the  R  for  A'=0  with  w=Wopt- 
Therefore,  the  f-T  characteristics  must  be  adjusted 
twice  actually,  that  is,  the  coarse  adjustment  and 
the  fine  adjustment.  From  the  relationship  between 
R  and  A*  after  the  coarse  adjustment,  the  R  for 
A'=0  can  be  predicted.  And  then  the  fine 
adjustment  is  performed  for  the  desired  R.  The  Aw 
can  be  restricted  within  about  i2pm  with  today's 
manufacturing  techniques. 

Fig.  12  represents  tne  relationship  between 
t  and  A  when  w  is  larger  than  Wopt  by  20pm.  This 
figure  represents  that  the  thickness  must  be 
176.6pnrln  order  to  obtain  the  best  f-T 
characteristics.  That  is,  if  the  thickness  is 
increased  by  18.6pm,  the  f-T  characteristics  is 
equal  to  that  of  the  resonator  with  the  optimal 
dimensions.  Therefore,  the  dispersion  of  wilpm  is 
equivalent  to  the  dispersion  of  ti0.9pm.  From  this 
result  it  is  known  that  Aw  and  At  must  be  restricted 
to  the  same  extent. 


With  today's  manufacturing  techniques, 
jAw  |<2pm  and  |At  |<lpm  aru  possible.  As  the  f-T 
characteristics  smoothly  change  by  the  mass  at  the 
nodes,  it  is  possible  to  adjust  the  f-T 
characteristics  by  adjusting  the  mass  with  today's 
manufacturing  techniques.  As  mentioned  above,  it 
is  theoretically  predicted  that  even  if  both  w  and 
t  disperse,  these  dispersions  can  be  compensated 
and  the  f-T  characteristics  can  be  adjusted  by 
evaporating  the  metal  films  on  the  both  sides  at 
the  nodes  or  reducing  the  evaporant  at  the  same 
positions. 

Experiments 

f-T  characteristics 

We  actually  produced  the  resonator  by  the 
lithographic  technique2  and  confirmed  that  the 
theoretically  predicted  f-T  characteristics  could 
be  obtained.  Figs.  13  and  14  show  the 
experimental  results  of  the  frequency  spectrum  and 
the  f-T  characteristics  at  the  angle  of  cut  near 
the  Mi  cut  respectively,  and  these  results 
correspond  to  the  calculated  results  as  shown  in 
Figs.  3  and  6.  Especially,  the  resonant 
frequency  of  the  coupled  Fi  mode  does  not  change 
by  more  than  lppm  over  the  temperature  range  from 
0°C  to  40°C.  However,  sign  of  y  is  negative  in 
the  calculation  and  positive  in  the  experiment. 
Probably,  this  is  a  matter  of  the  precision  in  the 
calculations. 

Adjustment  of  f-T  characteristics 

Fig.  15  represents  a  and  g  of  the  f-T 
characteristics  which  are  obtained  by  reducing 
with  the  laser  beam  the  evaporant  on  the  both 
sides  of  the  arms  at  the  nodes  at  the  angle  of  cut 
near  the  Mi  cut.  Closed  and  open  circles  are  the 
points  before  and  after  the  adjustment, 
respectively.  Closed  and  open  circles  are  on  a 
straight  line,  and  this  corresponds  to  the 
calculated  result  as  shown  in  Fig.  9.  Open 
circles  concentrate  near  the  origin,  and  this 
shows  that  the  adjustment  of  f-T  characteristics 
was  achieved. 

The  adjustment  is  also  possible  by 
evaporating  the  metal  films  on  the  both  sides  of 
the  arms  at  the  nodes. 

Electric  characteristics 

In  order  to  excite  the  Fi  mode  in  high 
efficiency,  we  use  the  special  electrode  in  which 
the  direction  of  the  exciting  electric  field 
changes  at  the  position  where  the  sign  of  the 
strain  of  the  Fi  mode  changes.  By  using  this 
electrode,  the  resonant  resistance  decreased  so 
much  and  the  series  capacitance  increased. 

Electric  characteristics  are  as  follows: 


Oscillation  frequency  JV200  kHz 

Quality  factor  30X104 

Resonant  resistance  3  kfl 

Series  capacitance  1.0X10"4  pF 

Parallel  capacitance  l.OpF 
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Conclusions 

In  the  new  type  Twin  Mode  Resonator,  whose 
Fi  mode  is  coupled  with  To  mode  at  the  angle  of  cut 
near  the  Mi  cut,  we  established  the  adjustment 
methods  of  f-T  characteristics  and  could  have  the 
prospect  of  producing  this  resonator  in  high 
productivity.  When  this  resonator  is  used  in  the 
electronic  wristwatches,  oscillation  frequency  is 
adjusted  to  196.608  kHz  with  the  digital  trimming 
owing  to  the  dispersion  of  oscillation  frequency. 
However,  we  are  also  investigating  the  adjustment 
method  of  the  oscillation  frequency  now,  and  the 
digital  trinming  will  be  unnecessary  in  the  future. 
Furthermore,  we  must  investigate  the  aging  rate  of 
the  frequency  which  is  one  of  the  important  terms 
as  the  frequency  stability. 

New  type  Twin  Mode  Resonator,  which 
features  miniature  size,  low  frequency  and 
excellent  frequency-temperature  characteristics,  is 
expected  to  find  an  extensive  range  of  application 
in  many  industrial  fields. 
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PRODUCTION  STATISTICS  OF  SC  (or  TTC)  CRYSTALS 
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Santa  Clara,  California 


Continued  volume  production  of  the  SC  type 
crystal  has  given  a  more  complete  picture  of  the 
ability  of  any  manufacturing  process  to  produce 
these  doubly-rotated  cuts  reliably. 

We  have  produced  in  excess  of  1000  of  the 
10  MHz,  3rd  overtone,  15  mm.  diameter  units  to 
date.  Each  crystal  produced  is  measured  in  an 
automatic  test  system  which  records  crystal  Q, 
resistance,  and  frequency  at  multiple  tempera¬ 
tures.  As  all  test  data  is  stored  on  magnetic 
disk,  a  relatively  simple  data  retrieval  pro¬ 
gram  allows  us  to  track  small  changes  in  the 
manufacturing  process.  In  addition,  the  system 
allows  easy  determination  of  the  equivalent 
circuit  parameters  and  their  expected  range  of 
value. 

The  data  also  allows  a  backward  look  at  the 
precision  obtained  in  X-ray  orientation  of  the 
crystal  blanks.  This  is  done  by  comparing  tem¬ 
perature  coefficient  data  against  a  model  devel¬ 
oped  using  a  variety  of  precisely  known  orienta¬ 
tions  in  the  vicinity  of  the  SC-cut. 

In  addition,  limited  data  is  given  on  the 
B-mode  of  this  cut  which  indicates  the  repeat¬ 
ability  of  the  temperature  characteristics  which 
have  a  direct  relationship  on  the  suitability  of 
these  doubly-rotated  dual  mode  cuts  for  digitally 
compensated  TCX0  operation. 

Finally,  data  on  317  BT-cut  units  with  heavy 
etch  channels  indicate  that,  under  the  right  con¬ 
ditions,  a  significant  improvement  in  aging  rate 
can  be  obtained. 

Introduction 

Since  its  introduction  in  November  1974, 1  the 
SC-cut, 2  or  as  it  is  also  known,  the  TS-cut1  or  the 
TTC-cut3  has  been  the  subject  of  a  number  of  papers 
detailing  its  virtues  and  faults.1"8  In  particu¬ 
lar,  several  papers  have  commented  on  the  relative 
difficulty  of  producing  these  units  reliably  in  a 
manufacturing  environment  due  to  orientational  re¬ 
quirements  for  this  doubly-rotated  cut.  Hewlett 
Packard  has  been  producing  doubly-rotated  cuts,  the 
LC-cut,  for  use  in  thermometry  for  many  years.9  As 
a  result,  our  process  is  uniquely  set  up  to  produce 
SC-cut  crystals  reliably  and  efficiently. 


An  automatic  test  system  was  set  uo  to  test 
these  crystals  in  large  quantities.10  This  is  a 
synthes izer-vector  voltmeter  based  system  tied  to 
a  calculator  and  magnetic  disks,  printers,  plot¬ 
ters,  etc.  All  units  are  checked  for  Q,  frequency, 
resistance,  temperature  coefficients,  frequency- 
temperature  slope  in  the  operating  range,  and 
equivalent  circuit  parameters.  All  of  the  data  is 
stored  for  future  retrieval.  This  forms  our  pro¬ 
duction  data  base. 

Normally,  crystals  are  measured  only  in  the  C, 
or  slow-shear,  acoustic  mode.  However,  the  data 
base  does  include  limited  data  on  the  B,  or  fast- 
shear,  acoustic  mode  also. 

Crystal  Parameters 

A  brief  list  of  our  current  crystal  parameters 
is  shown  in  Table  I. 

The  crystal  is  specifically  designed  for  oper¬ 
ation  in  a  new  oscillator,  the  Hewlett  Packard 
10811A  and  10811B.  This  crystal  is  a  10  MHz,  3rd 
overtone,  15  mm.  diameter  plano-convex  blank,  with 
a  0.5  diopter  curvature,  and  6.4  mm.  diameter  elec¬ 
trodes. 

An  important  point  to  note  is  that  the  crystal 
is  not  necessarily  operated  at  a  turnover  tempera¬ 
ture.11  The  oscillator  is  designed  to  operate  con¬ 
tinuously  between  80  and  84°C.  At  the  operating 
temperature,  the  frequency-temperature  slope  can  be 
no  larger  than  1.5  parts  in  108/°C.  This  slope, 
coupled  with  the  very  high  thermal  gain  made  possi¬ 
ble  by  an  unique  oven  design,  permits  satisfactory 
operation  from  -55°C.  to  71°C. 

C  Mode  Data 

This  section  covers  experimental  data  taken  on 
over  1000  production  quality  units.  Figs.  1 
through  7  presents  histogram  data  as  a  percent 
measured  of  the  total  number  tested.  Each  horizon¬ 
tal  axis  is  divided  up  into  100  measurement  slots 
on  these  graphs.  Each  curve  is  roughly  Gaussian  as 
might  be  expected.  Of  primary  interest  on  each 
curve  are  the  values  plotted  on  the  horizontal  ax¬ 
is,  the  mean  value  for  the  measureand,  and  its 
standard  deviation.  The  data  presented,  in  order, 
are  the  resistance,  Q,  motional  capacitance,  mo¬ 
tional  inductance,  and  the  first,  second,  and 
third-order  temperature  coefficients. 
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One  parameter  of  interest  in  SC  units  is  the 
performance  under  acceleration.  We  have  no  auto¬ 
matic  way  to  test  this,  so  Fig.  8  shows  data  taken 
manually  on  the  last  68  production  1081 1A  and 
1081 IB  oscillators.  This  data  is  for  an  accelera¬ 
tion  change  of  2g.  The  crystals  used  are  mounted 
in  a  two-point  mount,  oriented  optically  using 
crossed  polarizers,  and  fixed  to  the  mount  using  a 
metallic  brazing  technique. 

Of  interest  is  that  the  worst  case  in  the  68 
oscillators  is  4.7  parts  in  1010/g  with  a  specifi¬ 
cation  limit  of  2  parts  in  109/g. 

Fig.  9  shows  the  expected  turnover  temperature 
for  a  change  in  0  based  on  previously  published 
data.  Because  of  the  method  of  operating  with  a 
frequency-temperature  slope  specification  instead 
of  turnover  temperature,  we  can  actually  use  units 
with  total  effective  angle  changes  from  about  25" 
to  about  90"  of  arc.  If  all  of  the  temperature 
data  spread  is  due  entirely  to  orientational  errors 
in  the  blank,  the  temperature  coefficient  data  and 
this  data  indicate  that  we  are  holding  a  standard 
deviation,  due  to  all  causes,  of  roughly  20"  of 
arc. 

Fig.  10  shows  essentially  the  same  data  as  a 
function  of  $.  The  horizontal  axis  has  been  con¬ 
tracted  20-fold  to  present  essentially  the  same 
form  of  the  curve.  This  again  points  out  that  tem¬ 
perature  performance  is  about  20  tires  more  depen¬ 
dent  on  6  than  on  <J>. 

8  Mode  Data 

Two  years  ago,  we  presented  a  paper  on  a  novel 
dual  mode  concept  which  permitted  digital  compensa¬ 
tion  of  an  oscillator  for  temperature  effects.12 
One  question  unanswered  at  that  time  was  whether  or 
not  the  results  presented  could  be  obtained  without 
individually  calibrating  each  crystal.  Ideally, 
one  would  measure  a  representative  sample  of  units, 
then  simply  burn  or  mask  a  generalized  ROM  suitable 
for  all  units. 

To  test  this,  limited  10.96  MHz  B-mode  data 
was  taken  on  37  production  units.  Fig.  11  shows 
the  measured  resistance  data  for  the  37  units. 

Mean  value  is  about  38.5  ohms  in  comparison  with 
the  51  ohm  mean  seen  for  the  C-mode.  Figs.  12 
through  14  present  the  measured  first,  second,  and 
third-order  temperature  coefficients  for  this  mode. 
In  general,  the  first-order  coefficient  is  -25ppm/ 
°C,  or  about  280  Hz/°C.  This  again  points  out  the 
high  temperature  sensitivity  which  makes  this  mode 
useful  for  digital  temperature  compensation. 

The  problem  shows  up  in  Fig.  15.  This  is  the 
spread  in  measured  frequency  at  65°C.  A  standard 
deviation  of  almost  520  Hz  with  extremes  differing 
by  2,000  Hz  from  the  mean.  At  the  C-mode,  the  same 
crystals  show  a  standard  deviation  of  frequency  of 
less  than  1  Hz.  Taking  into  account  all  of  the 
above  B-mode  data,  a  generalized  masked  ROM  will 
yield  digital  compensation  to  no  better  than  10 
parts  per  million. 


A  possible  explanation  is  shown  in  Table  II. 
Whereas,  for  proper  C-mode  temperature  performance, 

0  must  be  held  as  tight  as  possible,  letting  <j>  more 
or  less  wander,  a  simple  calculation  of  sensitivity 
of  the  frequency-thickness  constant  to  either  <J>  or 
0  indicates  that  proper  tracking  of  the  B  and  C- 
mode  frequencies  can  be  achieved  only  with  a  much 
tighter  control  on  <j>  than  on  9.  The  first-order 
derivative  of  the  frequency-thickness  constant  is 
15  times  more  sensitive  to  than  to  9  for  the  C- 
mode,  and  two  times  more  sensitive  to  4>  than  to  9 
for  the  B-mode. 

Elimination  of  individual  calibration  can 
apparently  be  achieved  only  by  a  rather  significant 
leap  forward  in  orientational  control.  The  B-mode 
data  presented  here  indicates  that  if  the  trouble 
really  lies  with  the  sensitivity  of  the  frequency- 
thickness  constant  with  <J> ,  then  4>  must  be  held  to 
about  3"  of  arc  to  be  able  to  achieve  one  part  in 
107  over  the  temperature  range  from  -20°  C.  to 
80°  C. 

ANHARMONIC  MODE  DATA 

Fig.  16  shows  the  anharmonic  frequency  spec¬ 
trum  for  the  C-mode  as  a  function  of  contour.  In 
each  case,  only  the  two  main  modes  of  each  group  is 
shown.  The  general  anharmonic  mode  spect.rum  is 
very  similar  to  an  AT-cut.  Moving  from  the  main 
response,  the  groups  represent  a  doublet,  a  trip¬ 
let,  then  a  quadruplet.  From  this  plot,  a  rough 
idea  of  the  frequency  mode  spacing  as  a  function  of 
contour  can  be  determined. 

An  equally  important  question  is  the  one  of 
anharmonic  mode  response  amplitude.  Fig.  17  shows 
this  data.  Only  the  mode  closest  to  the  main  10 
Mhz  response  is  shown.  The  numbers  on  the  left 
represent  the  attenuation  from  the  main  response 
seen  for  an  electrode  diameter  of  11.4  mm.  Those 
on  the  right  represent  similar  data  for  a  6.4  mm. 
diameter  electrode.  The  data  is  for  a  15  mm.  dia¬ 
meter  crystal  blank. 

Identical  data  is  shown  in  Figs.  18  and  19  for 
the  B-mode. 

Etch  Channels 

This  section  departs  from  the  topic  represent¬ 
ed  by  the  title  of  this  paper.;  It  is  not  concerned 
with  SC-cuts,  but  with  similar  10  MHz,  3rd  over¬ 
tone,  BT-cuts.  Because  of  a  manufacturing  pm.°ss 
problem,  several  thousand  blanks  received  a  heavy 
etching  before  final  finishing  which  resulted  in  a 
rather  heavy  etch  channel  density,  about  200  per 
cm2.  As  part  of  a  controlled  experiment,  these 
were  systematically  fed  into  the  normal  manufac¬ 
turing  system. 

The  crystals  were  15  mm.  diameter  blanks, 
plano-convex  with  .33  diopter  contour,  and  mechan¬ 
ically  polished  with  cerium  oxide  after  the  heavy 
etching.  Side  lighting  the  blanks  indicate  that 
the  vast  majority  of  the  pits  were  essentially 
normal  to  the  blank  surface  and  extending  complete¬ 
ly  through  the  crystal.  Normal  cleaning,  including 
UV-ozone,  was  used  prior  to  vacuum  processing. 
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The  finished  crystals  were  tested  on  the  auto¬ 
matic  system  and  had  Q's,  resistance,  and  tempera¬ 
ture  characteristics,  that  were  statistically  iden¬ 
tical  to  units  without  etch  channels.  All  units 
had  resistances  in  the  range  of  14  to  30  ohms,  with 
a  measured  Q  in  excess  of  2,500,000  for  all  units. 
This  is  almost  at  the  material  limit  for  a  10  MHz 
BT-cut  which  indicates  that  etch  channels  do  not 
increase  apparent  acoustic  loss. 

The  major  difference  observed  -  in  an  oscil¬ 
lator,  they  age  better! 

Table  III  shows  the  oscillator  yield  as  a  per¬ 
cent  of  all  units  tested.  Each  period  represents 
26  days  of  testing.  Each  oscillator  must  be  within 
specifications  continuously  for  5  days  before  ship¬ 
ping.  No  oscillator  is  tested  for  more  than  15 
days.  During  the  last  12  periods  before  May  1980, 
63.3%  of  all  units  tested  shipped.  This  represents 
data  on  at  least  1000  oscillators.  During  the  last 
4  periods,  not  including  data  on  oscillators  con¬ 
taining  crystals  with  known  etch  channels,  a  minor 
increase  to  64.5%  was  seen.  These  crystals  were 
manufactured  at  the  same  time,  with  the  same  equip¬ 
ment,  as  those  with  etch  channels.  Runs  were  in¬ 
terleaved  to  obtain  a  more  valid  data  base.  This 
group  also  represents  data  on  at  least  1000  oscil¬ 
lators. 

During  the  same  period  of  time,  oscillators 
containing  crystals  with  heavy  etch  channels  were 
also  tested  with  a  rather  significant  shipment  in¬ 
crease  to  73.4%.  This  group  numbered  317,  so  the 
data  is  statistically  significant.  All  crystals 
were  identified  only  by  normal  production  code 
numbers.  Only  the  crystal  production  supervisor 
knew  which  were  which  until  the  data  were  analyzed. 

More  interesting  is  when  the  units  with  etch 
channels  shipped.  Figs.  20  through  22  indicate 
that  the  significant  difference  is  that  far  more 
etch  channel  units  are  within  specifications  at  an 
earlier  time  in  the  test  sequence  than  units  with¬ 
out  etch  channels. 

This  data  does  not  imply  that  heavy  etch  chan¬ 
nels  are  desirable  in  all  crystals.  For  the  thick¬ 
ness-mode  units  described  here,  made  with  our 
processes,  no  reasons  seem  evident  to  avoid  etch 
channels.  Future  development  in  cultured  quartz 
crystal  growth  may  indeed  result  in  units  without 
etch  channels  with  as  good  or  better  aging  perfor¬ 
mance. 

Several  explanations  have  been  postulated  for 
the  better  performance  of  units  with  etch  channels. 
Our  data  does  not  support  the  competing  contamin¬ 
ation  hypothesis  since  the  aging  rate  slope  follows 
our  normal  pattern  of  aging  performance,  but  start¬ 
ing  at  a  significantly  lower  aging  level. 

We  also  see  no  reason  for  concern  about  the 
long  term  effect  of  etch  channels  on  operating 
oscillators.  Several  of  the  original  units,  after 
three  months  of  continuous  operation,  are  aging 
within  several  parts  in  1012  per  day.  These  units 
also  show  none  of  the  frequency  micro-jumps  usually 


evident  in  "young"  crystals.  It  is  extremely  dif¬ 
ficult  to  believe  that,  with  performance  like  this, 
it  will  suddenly  degrade  by  several  orders  of  mag¬ 
nitude  after  a  year  or  so. 

A  possible  explanation  lies  in  the  known  mech¬ 
anisms  for  aging  in  quartz  crystals.  One  of  the 
causes  of  long-term  aging  in  resonators  is  the  re¬ 
laxation  of  internal  lattice  stresses,  induced  dur¬ 
ing  either  growth  or  manufacturing  of  the  resonator 
blank.  Etch  channels  occur  because  of  a  high  pre¬ 
ferential  etch  rate  along  regions  of  stress  and 
seem  to  be  related  to  the  growing  process,  at  least 
for  cultured  quartz.  Allowing  the  channels  to  etch 
completely  through  the  blank  must  accomplish  at 
least  sore  internal  stress  relief  which  would  help 
to  reduce  the  aging  rate.  Further  investigations 
are  under  way. 
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SPECIFICATIONS 


MODE 

FREQUENCY  (16  PF> 
SERIES  RESISTANCE 
EQUIVALENT  Q 
OPERATING  TEMPERATURE 
SLOPE  AT  TEMPERATURE 
MOTIONAL  CAPACITANCE 


C  mode  -  3rd  overtone 
10  MHz 

36  “  60  Ohm* 

0.  8M  minimum 
80  -  84  °C 
<  1.5  x  10'8/°C 
0.  26  -  0.  40  fF 

OSCILLATORSt 


WHEN  USED  IN  1081 1A/B 


11.  R.  Burgoon  and  R.  Wilson,  "Design  Aspects  of 

an  Oscillator  using  the  SC  Cut  Crystal,"  Proc. 
33rd  Annual  Symposium  on  Frequency  Control , 
pp.  411-416,  1979.  - 

12.  J.  Kusters,  M.  Fischer,  and  J.  Leach,  "Dual 

Mode  Operation  of  Temperature  and  stress 
Compensated  Crystals,"  Proc.  32nd  Annual 
Symposium  on  Frequency  Control,  pp.  389-397. 
1978.  - 


OSCILLATOR 

YIELD 


Last  12  period* 

-  all  crystal* 

63.  3X 

Last  4  period* 

-  no  «tch  channel* 

64.  5% 

Loot  4  p*riod* 

-  etch  channels 

73.  4% 

Table  III  -  Oscillator  Yi  is  vs.  Time 


DRIVE  LEVEL 

1  mA 

ty  p i col 

ACCELERATION  SENSITIVITY 

<  2 

x  10*"fl/g 

AGING  RATE 

<  5 

x  10  *®/day 

Table  I 

-  SC-Cut  Crystal 

Specifications 

MODE 

PHI 

THETA 

B 

7.  1 

3.  6 

C 

11.  9 

IT).  8 

DERIVATIVE  OF  ft  CONSTANT 
WITH  RESPECT  TO  ANGLE  CKHz-mm/Deg) 

Table  II  -  Orientation  Sensitivity  of  Frequency- 
Thickness  Constant 


CRYSTAL  RESISTANCE  (Ohm.) 


CRYSTAL  Q  CMillion.) 


Fig.  1  -  C  Mode  Resistance 


Fig.  2  -  C  Mode  Q 
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PERCENT  OF  TOTAL  TESTED  2  PERCENT  OF  TOTAL  TESTED  n  PERCENT  OF  TOTAL  TESTED 


Fig.  9  -  C  Mode  -  Turnover  Sensitivity  to  Theta 


Fig.  10  -  C  Mode  -  Turnover  Sensitivity  to  Phi 


CRYSTAL  RESISTANCE  <Ohm«) 

Fig.  11  -  B  Mode  Resistance 
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Fig.  12  -  B  Mode  First  Order  Temperature 

Coefficient 


Fig.  13  -  B  Mode  Second  Order  Temperature 
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Fig.  19  -  B  Mode  Anharmonic  mode  attentuatlon 
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ABSTRACT 

In  the  1976  and  1977  Annual  Symposia  cn 
Frequency  Control  a  new  piezo-electric  resona¬ 
tor  design  was  introduced. 

The  recent  results  on  5  MHz  resonators 
concerning  amplitude  frequency  effect/  aging 
(versus  drive  level  and  quartz  material)  will 
be  given.  Especially  it  will  be  shown  that 
extremely  high  drive  levels  can  be  used  (up  bo 
30  nw)  and  that  the  increase  in  drive  level 
does  not  destroy  aging  performances.  In  addi¬ 
tion,  a  "zero  aging  rate"  is  possible  at  a 
given  drive  level.  By  "zero  aging  drive  level" 
we  mean  that  the  aging  rate  crosses  zero  for 
this  given  power  dissipation. 

Finally,  the  industrial  aspects  of  the 
production  of  B.V.A.  units  will  be  discussed. 

INTRODUCTION 

Piezoelectric  resonator  has  a  long  story 
since  it  began  in  1918.  Most  important  impruv- 
ments  were  performed  by  R.A.  Sykes  who  introdu¬ 
ced  the  universal  use  of  floated  units  in  1948 
and  A.W.  Warner  who  achieved  in  1952  the  design 
which  is  still  used  without  any  major  change. 

Then  for  a  time,  improvmsnts  appeared  as  asym¬ 
ptotical  and  interest  decreased.  Qiartz  crystal 
oscillators  already  provide  us  with  small,  rug¬ 
ged,  lew  oosunption,  lew  cost  units  of  excellent 
short  term  stability.  The  main  effort  has  gene 
toward  decreased  aging,  lower  arrplitude-frequen- 
cy  effect  (then  as  a  consequence  better  short 
term  stability) ,  lew  thermal  transient  sensiti¬ 
vity,  and  lew  environmental  dependance  (accele¬ 
ration,  vibration,  ...). 

A  very  promising  development  has  been  the 
introduction  of  doubly  rotated  crystals  (1),  (2), 
interesting  for  their  low  sensitivities  to 
stresses  in  the  plane  of  the  cut  (2)  their  excel¬ 
lent  thermal  behavior  including  thermal  tran¬ 
sients  (3)  and  their  lew  amplitude  frequency 
effect. 

It  is  also  possible  to  make  drastic  changes  in 
the  conventional  design  which  obviously  exhibits 
badly  or  inccrtpletely  solved  boundary  problems, 
at  least  to  the  high  degree  of  perfection  we 
need. 


The  main  problems  of  the  conventional  de¬ 
sign  come  through  plating  (surface  perturbation, 
ion  migration,  and  as  consequences  Q  reduction, 
noise,  aging...),  frequency  adjustment  and  moun¬ 
ting  structure  (stress  relaxation  and  contamina¬ 
tion)  see  ref.  (4)  (5). 

Research  type  BVA2  resonators  have  been 
evaluated  covering  approximately  10  different 
types  of  versions  according  to  various  goals 
of  frequency  range,  type  of  mounting,  size,  en¬ 
vironment,  etc.  At  this  point,  seme  types  are 
close  to  the  industrial  preproduction  stage  (6). 

Results  have  been  obtained  at  various  fre¬ 
quencies  including  100  WIz  and  ultrahigh  (7) .  The 
BVA2  5  Hiz  type  resonator  has  been  the  most 
extensively  studied. 

m  this  paper,  the  most  interesting  results 
previously  obtained  are  reviewed  and  sate  new 
results  are  given.  Particular  attention  is  given 
to  drive  level  capabilities  and  aging  versus 
drive  level  questions.  Frequency  and  phase  sta¬ 
bility  performance  and  frequency  retrace  follo¬ 
wing  power  interruption  are  discussed. 

BVA2  RESONATOR 

This  paper  cnly  deals  with  resonators  of 
the  BVA2  design.  Basically,  BVA2  resonator  cons¬ 
truction  includes  : 

1.  An  "electrodeless"  design.  All  problems 
of  damping,  stresses,  oentaminatien,  icn  migra¬ 
tion,  etc. ,  which  relate  to  electrode  deposition 
are  removed,  (see  fig.  1). 

2.  A  crystal  mounting  made  of  quartz.  Snail 
"bridges"  connect  the  vibrating  part  of  the  crys¬ 
tal  to  the  dormant  part,  (see  fig.  2).  Key  advan¬ 
tages  are  : 

-  no  discontinuities  nor  stresses  in  mounting 
points 

-  very  high  precision  in  shape  and  location  of 
"bridges" 

-  symmetry  and  reproducibility  when  needed 
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3.  Additional  parameters,  (compared  to  clas¬ 
sical  designs) .  The  design  exhibits  additional 
construction  parameters  : 

-  the  electrode  (and  thus  the  electric  fields) 
can  have  a  radius  of  curvature  different  fron 
the  radius  of  curvature  given  to  the  vibra¬ 
ting  crystal. 

-  heaters  and  sensors  can  be  placed  in  vacuum 
close  to  the  crystal  without  contacting  the 
vibrating  crystal. 

-  connecting  "bridges"  can  have  a  great  va¬ 
rious  other  features. 

4.  Provision  for  any  material,  crystal  cut 
or  frequency  (including  very  high  frequencies. ) . 

5.  Use  of  technological  means  (i.e.  ultra¬ 
sonic  machining)  which  allow  reproducibility  or 
versatility  (for  example  the  external  shape 

of  crystal  does  not  need  to  be  circular  or 
rectangular). 


BRIEF  REVIEW  OF  PREVIOUS  RESULTS 

In  this  section,  only  results  dealing  the 
5  MHz  AT  or  SC  cut  units  will  be  discussed.  The 
easiest  is  to  list  the  results  pointing  out  in¬ 
teresting  figures  already  available.  Very  rou¬ 
ghly  speaking,  the  BVA  design  is  c  Jable  of 
an  order  of  magnitude  lmprovment  in  short  term 
stability  (8) ,  long  term  drift  and  acceleration 
sensitivity  (9).  More  precisely,  the  following 
features  can  be  listed  form  previous  results  . 

1.  Higher  Q  factor  s  5  MHz  fifth  over¬ 
tone  AT  (Oscilloquartz,  Switzerland) 

yielded  Q  =  3.5.106  together  with 

R^  =  80.7  ft 
C1  =  1.02  10-4  pF 

CQ  =  4.1  pF 

2.  Better  frequency  adjustment  (by  a  fac¬ 
tor  of  2  to  5  depending  of  technology). 
Adjustement  within  ±  1  Hz  for  5  MHz  unit  is 
possible. 

3.  Better  short  term  stability. 

5.9  xl0~l4  for  128  s  has  been  achieved  (8)  and 
10~13  (  for  integration  time  in  the  order  of 
100  s)  has  been  reproduced  since.  More  recent 
results  see  paper  of  E.  Graf  elsewhere  in  this 
proceedings. 


4.  lower  drift  rate.  5  x  10  12  /day  drift 
has  been  measured  at  NBS  Boulder  and  ot  ENSMM 
Besangcn  as  well.  Also  important  is  the  fact 
that  final  aging  is  established  within  hours 
or  days  and  remains  constant  (10)  (11).  Results 
recently  obtained  will  be  discussed  in  the  next 
section. 

5.  lower  g  sensitivity  (9) .  A  maximum  sen¬ 
sitivity  of  the  order  of  10~10/g  can  be  achieved 
in  the  case  of  AT  cut  units.  A  sensitivity  lower 
than  5  x  10-ll/g  can  be  achieved  in  the  case  of 
SC  cut  single  crystals. 

6.  Reduced  amplitude  frequency  effect  : 
Reduction  by  a  factor  of  2  to  15  (11) . 

A  factor  of  2  is  obtained  with  a  concave  elec¬ 
trode  and  a  convex  resonator,  a  factor  of  10 
with  a  piano  and  15  with  a  concave  electrode. 


RECENT  ADVANCES 
1.  Extremely  hign  drive  level 

The  usual  drive  level  for  conventional 
units  ranges  from  0.1  pW  to  seme  20  or  30  pW,  at 
least  in  ultrastable  5  MHz  oscillators.  Preci¬ 
sion  oscillators  with  an  aging  rate  lower  than 
10-10/day  usually  operate  at  less  than  a  few  pW. 

Ih  the  case  of  high  spectral  purity  oscillators, 
the  crystal  can  be  driven  slightly  harder  but 
this  causes  the  aging  rate  to  increase  by  an 
order  magnitude  or  two.  If  the  crystal  is  driven 
harder,  non-linear  effects  (12)  interfere  and 
with  still  higher  levels  tne  crystal  can  even 
fracture. 

Aging  measurements  as  a  function  of  drive 
level  started  18  months  ago.  Indeed,  the  B.V.A. 
resonators  (they  do  have  reduced  frequency  - 
power  effect  that  is  3  to  15  times  smaller  than 
for  plated  crystals)  not  only  survived  very  high 
drive  levels,  they  shew  also  a  modest  aging  rate. 
Seme  20  resonators  have  been  used  at  high  drive 
levels  and  several  of  them  have  been  measured 
for  more  than  one  year.  BVA2  resonators  withstand 
drive  levels  in  the  nW  or  even  10  rtW  range. 

For  instance,  the  BVA2  2-77,  5  MHz,  natural  quartz, 
AT  cut,  fifth  overtone  unit  has  new  been  running 
for  16  months  at  a  1600  pW  drive  level.  The 
oscillator  and  the  single  oven  are  of  very  simple 
design.  Nevertheless  the  drift  has  remained  very 
constant  at  3.3  ±  0.2  x  10-10/day  after  72  hours. 
After  pewer  interruption  the  oscillator  retraces 
to  within  2  or  3  x  10-1°  and  the  aging  comes  back 
to  the  previous  value. 
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Another  similar  resonator  of  synthetic 
unswept  material  (BVA2  2-119)  has  been  driven 
at  2.8  nW  and  exhibits  an  aging  of  approxima¬ 
tely  10-9/day.  Sane  5  MHz  resonators  have  been 
driven  up  to  30  nW  but  aging  experiments  have 
not  been  carried  out  for  these  drive  levels 
(Influence  Temperature  cn  aging,  see  ftef .  (15) ) . 

2.  Aging  versus  drive  level. 

The  aging  rate  for  BVA2  resonators  is  a 
non  monotonic  function  of  drive  level.  Preli¬ 
minary  data  (aging  experiments  unfortunately 
require  long  time  periods  J)  cn  7  resonators, 
and  theoretical  considerations  shew  that  the 
resulting  aging  ar  may  be  modeled  by  the 
following  formula  : 

ar  =  ai  +  kP  {1  +  a  +...}  (1) 

where  :  a^  is  an  Intrinsic  aging  highly 
depending  on  material  and  cut 
k  is  a  cxnstanc  depaiding  on  ma¬ 
terial  and  cut 

p  is  the  power  dissipated  in  mo¬ 
tional  resistance  R 
Po  is  a  reference  power  level 
t  is  a  time  constant 
t  is  time 

This  formulation  is  valid  for  a  first  ope¬ 
ration;  there  is  sane  evidence  that  the  exponen¬ 
tial  part  decreases  for  further  operations.  At 
this  point,  it  is  premature  to  quote  precise  fi¬ 
gures  for  each  parameter.  However,  orders  of  ma¬ 
gnitude  can  be  given  for  SC  cut  Natural  quartz 
third  overtone  crystals  : 

•*  sore  —  10  /day 

k  ■*  sate  10  /d/yW 

a  order  of  10  to  100 

x  ■*  several  days 

The  number  obtained  with  various  units  of 
the  same  material  are  oensistant. 

For  these  units  the  aging  is  predictible 
and  also  settable.  Moreover  it  is  possible  to 
change  the  aging  rate  by  changing  the  drive  le¬ 
vel.  In  particular  it  is  possible  to  obtain,  by 
slight  changes  of  drive  level,  slightly  positive 
or  slightly  negative  aging.  There  is  a  drive 
level  Pj/  called  "zero  aging  drive  level",  since 
it  yields  an  aging  rate  crossing  zero. 

Three  oscillators  operating  at  this  "zero 
aging  drive  level"  remained  to  within  3xl0“10 
over  5  months.  For  AT  cut,  natural  quartz,  5  MHz, 
fifth  overtone,  four  bridge  units  a  drive  level 
of  70  to  90  pW  appears  to  be  pptium.  For  SC  cut, 
natural  quartz,  5  MHz,  third  overtaie  four  brid¬ 
ge  units  a  level  of  ~  160  pW  is  suitable  for  the 
so  called  "zero  aging". 


3.  internally  heated  crystals  (13)  s 

Using  very  high  drive  levels,  it  is  pos¬ 
sible  to  directly  heat  the  crystal  by  energy 
dissipation  In  the  motional  resistance  Ri.  Units 
specially  devoted  to  internal  heating  have  been 
designed  (12).  These  special  units  are  described 
elsewhere  In  the  proceedings  (15) . 

4.  Frequency  retrace  following  power  Interruption; 

Extensive  retrace  experiments  have  been 
conducted  with  resonator  BVA2  2-77  already  men¬ 
tioned.  This  resonator  retraced  to  within  2  or 
3  x  10-10  following  power  Interruption  ranging 
between  12  and  48  hours.  An  example  is  given  in 
fig.  3  for  an  interruption  of  2  hours.  Another 
crystal  retraced  after  a  power  interruption  of 
24  hours  as  follow  : 


time  elapsed 

offset 

1 

h 

-9 

6  .  1(j 

2.5  h 

..9 

1.4  .  10  * 

5 

h 

5  .  10“10 

7 

h 

3  .  IQ"10 

The  crystal  was  driven  at  its  "zero  aging 
power  level"  in  a  200  W  sec/°C  oven.  Sane  other 
experiments  with  similar  resonators  but  different 
drive  levels  have  been  conducted  yielding  similar 
results.  Nevertheless,  same  particular  resonators 
has  shown  a  frequency  versus  tenperature  hystere¬ 
sis  effect  which  at  this  point  seems  to  be  related 
to  the  old  mounting  structure  and  packaging  of 
prototype  BVA2  units. 

The  frequency  retrace  problem  depends  lar¬ 
gely  on  the  BVA  mounting  structures.  These  new 
structures  based  on  principles  already  discussed 
(9)  have  been  designed  (one  structure  is  already 
In  the  Industrial  stage) .  The  structure  must  al¬ 
low  a  large  degree  of  synotry  and  also  mounting 
stresses  must  be  avoided;  especially  the  crystal 
must  be  frequency  indenpendent  from  the  enclosu¬ 
re.  Also  the  time  constant  of  heat  transfer  is 
to  be  considered. 

At  this  time  preliminary  results  show  that 
there  are  preferred  ways  to  design  a  crystal 
which  could  retrace  to  within  2  or  3  x  10“10  al¬ 
most  in  any  conditions.  More  precisely,  measure¬ 
ments  have  been  performed  on  resonators  during 
the  fabrication  process  with  greatly  Improved 
retrace  (factor  larger  than  10)  with  respect  to 
retrace  obtained  with  the  previous  mounting 
structures.  However,  the  encapsulated  crystals 
have  not  been  extensively  tested  yet. 
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DESIGN 


The  first  few  BVA-Rescnators  we  made  at 
Oscilloquartz  had  exactly  the  same  design  as  the 
BVA2  resonators  that  had  been  made  in  the  labo¬ 
ratories  of  the  ENS-HB.  Curing  industrialisation 
we  replaced  the  brass  pieces  by  stainless  steel. 
The  feedthrus,  that  had  been  accorded  glass,  are 
replaced  by  compressed  glass.  Details  are  in 
Fig.  4. 

The  resonator  itself  is  shown  in  Fig.  2. 
It's  a  planoconvex  design.  The  vibrating  part 
is  separated  by  bridges  frcm  the  corcna  that  is 
intended  for  suspension  purposes.  The  whole 
"sandwich"  is  held  together  with  a  sort  of 
clips  and  suspended  with  springs  to  the  rigid 
cage  consisting  of  the  lower  and  the  upper 
plate  that  are  connected  by  bolts. 


PRODUCTION 

Sawing  is  dene  on  an  ordinary  diamond  saw. 
First  lapping  is  made  on  a  planetary  lapping 
machine.  After  X-Ray  check  the  blanks  are  angle- 
corrected  manually.  It  appeares  that  this  ope¬ 
ration  is  somewhat  easier  to  do  because  the 
blanks  are  very  large.  The  large  size  helps 
especially  in  correction  SC-Cut  blanks  :  a 
correction  to  tolerance  of  ±  15"  for  both 
angles  <j)  and  0  is  very  easely  achieved.  We 
even  use  BVA  SC  blanks  for  operator  training. 

The  blanks  for  the  capacitor  are  cut  out  of  the 
same  way  but  corrected  in  angle  to  only  ±  1' . 
Next  lapping  operations  are  made  cn  pin  lap 
machines  that  have  been  built  in  house.  They 
are  on  conventional  design,  only  a  little  bit 
larger  in  size.  Here  also  we  can  profit  of  the 
larger  size:  uniformity  becomes  excellent. 

The  slots  that  separate  the  vibrating  part 
fran  the  corona  are  made  by  ultrasonic  machine. 
Ultrasonic  machining  is  a  fast  and  prcblemless 
method,  if  one  knows  haw  to  use  the  equipment. 
For  this  application  it  is  the  ideal  method,  it 
gives  very  high  precision  in  locating  the  brid¬ 
ges,  much  more  precise  than  any  cementing  or 
thermooerrpression  bonding.  The  resonator  diame¬ 
ter  can  be  guaranteed  to  ±  50  y  with  a  run  out 
of  the  cylindric  part  of  less  than  5  p.  US  Ma¬ 
chining  gives  also  the  possibility  to  a  further 
reduction  of  mounting  influences  by  making  a 
double  decoupling  of  the  vibrating  zone  as  in 
Fig.  5. 


A  form  like  this  is  absolutely  possible.  The 
bridges  are  300  p. 

The  bridges  are  further  machined  by  grinding 
from  both  sides,  of  course  giving  attention  to 
the  fact  that  cne  side  will  be  of  convex  shape. 
These  bridges  are  somewhat  difficult  to  grind  : 
they  have  a  thickness  of  only  220  p  m  and  have 
to  be  placed  exactly  into  ir-plane  of  the 
resonator. 

Contouring  is  made  on  an  optical  polishing 
machine.  We  are  using  a  method  which  uses  both 
a  mechanical  polish  and  an  etching  process  to 
get  both  a  very  smooth  surface  and  a  good  ap>- 
proach  bo  the  spheric  form. 

The  capacitors  are  produced  in  a  similar 
manner.  The  ultrasonic  machining  is  the  same 
only  that  the  dimensions  are  much  less  critical, 
the  slots  are  intended  cnly  to  improve  punping 
in  the  gaps.  The  gaps  are  make  by  lapping  and 
have  a  dimension  of  6  p  for  the  piano  gap  and 
10  p  for  the  convex  cne. 

The  final  assembly  and  testing  is  entirely 
made  in  a  glove  box  filled  with  dry  nitrogen. 

This  working  oenditien  is  not  very  comfortable 
but  it  makes  sure  that  we  do  not  have  problems 
with  dust,  humidity  or  oxydation.  Fig.  6  shews 
the  glovebax  with  solid  state  heat  test  chamber 
where  we  mesure  the  parameters  at  the  turnover- 
point.  This  is  necessary  because  we  have  a  to¬ 
lerance  in  final  frequency  adjustanent  of  ±  .2 
ppm.  In  the  moment  the  gaps  are  individually  ma¬ 
nufactured  to  match  these  specifications,  later 
we  plan  to  have  a  stack  of  prepared  capacitors 
with  different  gap  sizes  so  that  we  can  choose 
the  right  cne. 

Determination  of  the  tumoverpoint  is  made 
in  a  temperature  test  chanbre  under  vacuum. 
Temperature  change  is  less  than  10°  c/hour. 

Next  operation  is  cold  welding  the  can.  Cu¬ 
ring  this  operation  the  pinch  of  cheminee  is  still 
open  so  that  we  can  ncunt  the  resonator  on  the 
bakeout  equipment  (fig.  8).  The  system  is  pumped 
by  a  sorpticn  pump  for  rough  pumping,  then  a 
turbatiolecular  pump  connected  in  parallel  with  an 
icn  pump.  This  is  an  ideal  ccnbinaticn  :  the 
turbanolecular  pump  prefers  the  heavier  mole¬ 
cules  while  the  icn  pump  pumps  best  small 
molecules. 

Bakeout  temperature  is  250°  C. 

In  a  next  step  we  plan  to  replace  the  glass 
parts  by  stainless  steel  equipment  and  to  use  a 
cryopunping  system  to  speed  ut  the  bakeout  ope¬ 
ration,  and  to  have  the  possibility  to  pump  12 
crystals  at  the  time. 

The  can  is  finally  closed  by  pinch-off. 
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The  method  for  measuring  the  parameters 
follows  IEC  444.  We  made  our  equipment  oursel¬ 
ves  (fig.  7).  It's  a  vector  voltmeter  that  locks 
automatically  a  synthetizer  at  the  series  re¬ 
sonance  frequency.  Actually  the  resolution  is 

1.  Hz  but  it  will  be  increased  to. 001  Hz  in  near 
future.  Optionally  the  equipment  can  also  be 
used  to  trace  f-T  and  R-T-  curves  or  to  detect 
spurious  responses. 

This  slew  temperature  change  has  necessita¬ 
ted  the  set  up  an  automatic  measuring  system 
containing  a  desk  top  calculator  with  tape  car¬ 
tridge  to  record  the  data.  The  system  is  ope¬ 
rated  over  night  and  is  protected  against  power 
failure.  6  crystals  are  measured  at  a  time. 

Each  crystal  is  operated  in  a  small  ECL-Gate 
type  oscillator  with  it's  appropriate  load 
capacitor. 


CONCLUSIONS 

1.  At  the  time  an  excellent  aging  and  a  very 
good  spectral  density  can  be  achieved  with 

same  resonator. 

2.  It's  the  first  time  that  aging  is  modella- 
ble  and  settable  (by  means  of  the  drive 
level) . 

3.  Because  of  the  high  degree  of  symetrie  in 
the  mounting  structure  the  BVA  has  a  lower 
2  g  semitivity.  The  location  of  the  bridges 
is  much  easier  to  control  than  with  any 
other  method. 

4.  The  final  frequency  adjustement  can  be  done 
within  ±  1  Hz  what  alows  to  maintain  a 
high  loaded  Quality  factors  in  the  oscilla¬ 
tors  circuit. 

5.  The  BVA  design  larger  variety  of  design  pa¬ 
rameters  when  other  crystal  designs,  so  that 
it  is  possible  to  adapt  it  for  almost  any 
special  application  but  a  high  degree  of 
precision  work  is  required. 
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Flirt*  t ifiitlttr 


FfttfMtr 


Fig. 4  Baseplate  of  BVA  enclosure  with 
compressed  glass  feedthrus 


Fig.  1/i  BVAj  design  consisting  of  Top 
capacitor  (piano) ,  Resonator 
and  Bottom  Capacitor  (concave) . 


Fig.  3  Retrace  characteristic  of  BVA2 

resonator  after  power  interruption 


,<*  l 


\ 


Fig.  5  Resonator  with  double  bridge  system, 
machined  by  ultra  sonic  means, 
width  of  the  bridges  :  0.3  mm. 


X 


Fig.  6  Glovebox  for  assembly  and  measurement, 
filled  with  dry  nitrogen. 


Fig.  7  Zero  phase  measuring  equipment. 


Fig.  8 


BVA  resonators  mounted  on 
the  bakeout  system. 
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FURTHER  DEVELOPMENTS  ON  'SC'  CUT  CRYSTALS 


Bruce  Co Id frank  and  Art  Warner 


Frequency  Electronics,  Inc. 
New  Hyde  Park,  New  York  11040 

Introduction 


'SC'  cut  crystal*  have  found  their  way  Into 
■any  new  designs.  The  applications,  though  many 
and  varied,  center  around  the  requirements  of  good 
'g'  sensitivity,  resistance  to  radiation,  fast 
warmup  and  good  temperature  characteristics.  The 
temperature  and  strain  effects  on  the  'SC'  cut 
crystal  are  such  that  a  large  Improvement  over  AT 
cut  crystals  Is  possible.  In  particular,  data 
will  be  given  on  the  improvement  in  radiation 
resistance  of  the  'SC'  over  the  'AT'. 

In  order  to  produce  a  successful  SC  crystal 
unit,  l.e.,  one  that  exploits  this  design  to  the 
fullest,  slgnlficsnt  changes  in  design  philosophy, 
design  parameters,  measuring  techniques.,  testing 
methods,  and  production  tools  must  be  made.  Three 
of  the  more  Important  changes  involve  angle 
control  prior  to  final  lapping,  angle 
measurements,  and  frequency  adjustment.  Where  low 
'g'  sensitivity  is  important,  the  crystal  plates 
must  be  thermo-compression  bonded  using  small, 
uniform,  very  precisely  located  mounting  spots. 

Orientation 

That  the  orientation  of  the  plate  must  be 
closely  controlled  can  be  understood  when  we 
consider  the  typical  AT  frequency  versus 
temperature  curve.  The  center  of  the  curve  which 
is  the  inflection  point,  is  at  room  temperature, 
and  as  the  specified  operating  temperature  goes 
higher,  angle  control  becomes  easier.  For  the  SC, 
the  Inflection  point  is  near  100*C  and  as  the 
operating  temperature  approaches  that  point  the 
angle  control  becomes  difficult,  70*C  to  80*C 
zero  temperature  coefficient  (ZTC)  for  the  SC  cut 
is  like  40*C  to  50*C  for  the  AT  cut.  At  80*C,  one 
minute  of  arc  error  can  shift  the  ZTC  by  20*C. 
The  benefit  Is,  of  course,  that  once  angle  control 
is  achieved  the  temperature  curve  is  much  flatter. 

Figure  1  shows  a  quartz  bar  and  the  stages  of 
orientation,  following  the  IEEE  standard 
nomenclature,  Y  Xw  1  t(|>6*jj.  Visualize  a  starting 
plate  which  is  a  Y  cut,  rotate  it  about  the  Z  axis 
by  the  angle  <j>  and  then  rotate  it  about  its  new 
length,  X',  by  the  angle  theta.  The  usual 
Illustrations  show  the  plate  re  tangular  in  shape. 
The  final  doubly  oriented  plate  Is  usually  shown 
the  same  size  and  shape  as  the  starting  plate. 
However,  one  can  see  that  if  we  arrange  to  saw  the 


Figure  1.  Stages  of  Orientation  for  a 
YXwlt<f>6if>  Blank 


'8C1  CUT  CRYSTAL  BLANK  AS  CUT  PROM  BAR 

Figure  2.  Quartz  Blank  As  Cut  From  a  Y  Bar 
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doubly  oriented  plate  from  the  bar,  the  shape  will 
not  be  rectangular  but  will  be  as  shown  in 
Figure  2.  If  this  were  an  AT,  usual  practice 
would  be  to  simply  mount  it  in  the  X-ray  with  the 
X  axis  vertical  and  compare  the  crystal  face  with 
the  nearby  01. I  crystal  plane  at  38°  12.7'. 

However,  with  the  SC  we  must  first  "undo”  the 
angle,  that  is  tilt  the  plate  until  the  01.1  plane 
is  in  a  vertical  position.  The  tilt  itself  is  not 
particularly  critical,  but  now  the  mounting  flat, 
or  if  you  will,  the  rotation  of  the  plate  about 
its  thickness,  becomes  extremely  critical,  since 
this  rotation  will  now  tilt  the  reference  plane. 

Our  answer  to  this  problem  is  to  highly 
correct  the  -X  and  one  Z  surface  of  the  quartz  bar 
itself  before  cutting.  This  is  straight  forward 
since,  of  course,  there  are  X-ray  planes  parallel 
to  these  surfaces.  These  highly  corrected 
surfaces  are  then  used  not  only  to  orient  the  bar 
in  the  saw,  but  also  to  orient  the  blank  in  the 
X-ray  goniometer. 

Now,  which  edge  surface  should  we  use  for  the 
X-ray  reference  flat?  The  X'  axis  lies  in  the  Z 
surface,  some  14°  away  from  using  the  -X  surface 
as  a  reference  flat  and  the  X'  would  be  the  normal 
choice. 

In  either  case,  the  equation  to  convert  from 
the  angle  measured  by  the  X-ray,  to  the  specified 
0  angle  is  fairly  simple,  but  it  turns  out  there 
is  an  advantage  to  using  the  -X  surface  14°  away 
from  the  X'  to  locate  the  axis  about  which  the 
X-ray  angle  is  to  be  measured. 

Figure  3  shows  the  relationship  between  the 
specified  0  angle  for  various  <j>  angles.  The  outer 
curve  shows  the  equation  developed  by  Ballato  and 
Iafrate,  and  the  other  two  curves  show  the 
corresponding  angles  0  1  and  0  "  measured  by  the 
tilt-back  method  for  both  X'  axis  and  the  -X 
surface.  We  can  see  that  the  angle  measured  using 
the  -X  surface,  the  upper  curve,  is  much  closer  to 
the  38°  13'  reference  plane,  even  closer  than  that 
of  the  AT.  Also  we  can  see  the  slope  is  about  1 
in  6  or  6'  error  in  measuring  <J>  results  in  1' 
error  in  measuring  0  .  Xou  may  alao  have  noticed 
that  for  the  SC  cut  at  $  *  23°,  that  the  14°  shift 
in  reference  flat  location  corresponds  to  a  5  or  6 
degree  shift  in  indicated  angle,  or  almost  2  to  1. 
Two  minutes  error  in  reference  flat  equals  one 
minute  error  in  angle  measurement.  To  keep  this 
error  to  an  absolute  minimum,  we  use,  as  indicated 
earlier,  the  actual  corrected  surface  generated  on 
the  quartz  bar  before  it  is  cut.  In  addition  we 
U6e  a  special  jig  that  avoids  any  error  due  to 
chipping  at  the  edges.  Figure  4  shows  the  tilt 
back  vacuum  Jig  used  with  the  X-ray.  The 

reference  surface  makes  contact  along  a  line  away 
from  the  crystal  edge.  Figure  5  shows  this 

reference  contact  a  little  more  clearly. 
Repeatability  using  this  method  is  about  10 
seconds  of  arc.  The  <J>  angle  is  measured  by  a  90° 
turn  of  the  quartz  blank.  No  tilt  is  needed  in 
this  case,  because  the  X-ray  plane  in  this 
position  is  within  1-1/2  degrees  of  vertical, 
again  closer  than  the  AT  for  this  measurement. 


Figure  3.  Relationship  Between  Specified  <f>  and  0 
Angles  and  Those  Measured  By  The  Tilt-Back 
X-ray  Method 


Figure  4,  Tilt-Back  Vacuum  Jig  Used  With  The 
Double-Crystal  X-ray  Goniometer 


Figure  5.  Tilt-Back  Jig  Showing  -X  Surface  Contact 
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Figure  6  shows  the  precision  saw.  The 
setting  is  accomplished  by  a  tilt  and  a  rotation. 
Figure  7  is  another  view.  One  advantage  of  the 
tlit  and  rotation,  rather  than  a  double  tilt  is 
<  hat  the  tilt  and  the  rotation  angles  are  exactly 
those  measured  by  the  X-ray.  So  necessary 
corrections  to  the  saw  table  are  directly  applied 
from  the  X-ray  reading.  To  obtain  actual 
specified  0  and  p  angles,  in  practice,  it  is  only 
necessary  for  the  operator  to  enter  the  X-ray  dial 
reading  into  a  pre-programmed  calculator  and  push 
the  button. 

Advantages  of  -X  Surface  Reference  and  Tilt  Method 
of  Orientation 

1.  An  existing  double  crystal  X-ray 
goniometer  set  for  AT  cut  can  be  used  with  no 
change  other  than  the  tilt  jig. 

2.  The  angle  is  close  enought  to  01.1  plane 
for  calibrating  of  standards  by  a  turnover 
method. 

3.  Orientation  of  the  sensitive  reference 
flat  ic  generated  right  on  the  quartz  bar  before 
cutting. 

4.  The  p  angle  is  determined  without  a  tilt 
jig  and  is  simply  "-.asured  by  the  X-ray. 

5.  By  using  a  standard  reference  crystal, 
accuracies  of  a  few  seconds  of  arc  are  possible. 

6.  There  is  a  direct  correspondence  between 
saw  table  angles  and  the  angles  measured  by  the 
X-ray. 

7.  Specified  angles  are  obtained  easily  by 
using  a  simple  programmed  calculator. 

8.  The  14°  psi  angle  generated  automatically 
turns  out  to  be  the  correct  mounting  point  for  the 
crystal  plate. 

Frequency  Adjustment 

The  fact  that,  the  inflection  point  of  the  SC 
temperature  frequency  curve  is  above  the 
operating  temperature  makes  room  temperature 
frequency  adjustment  a  disaster.  The  slope  is 
about  10  Hz  per  degree  at  5  MHz.  In  addition 
frequency  adjustment  by  circuit  means  is  limited 
to  about  1/4  of  that  of  the  AT.  Therefore 
frequency  adjustment  at  or  near  the  temperature  at 
which  the  crystal  is  to  be  operated  is  imperative. 
Figure  8  shows  a  small  heater  used  in  the  vacuum 
deposition  chamber.  Temperature  sensing  control 
is  by  a  thermistor  bridge,  the  lead  wires  from  the 
crystal  are  of  special  material  and  pass  thru  the 
temperature  controlled  block  on  their  way  to  a 
network  which  sets  the  operating  phase  conditions. 
Deposition  is  by  evaporation  from  a  small  tungsten 
filament. 

Crystal  Mounting 

Figure  9  shows  an  experimental  approach  to 
thermo-compression  (TC)  ribbon  mounting  of  the 
crystal  plate.  The  ribbon  is  nickel,  and  it  has  a 
gold  triangular  strip  bonded  thereon.  The  TC  bond 
will  be  gold  to  gold,  and  in  the  shape  of  a  long 
thin  rectangle,  about  5  x  50  mils.  This  method 
permits  a  better  location  of  the  mounting  points 
with  respect  to  the  center  of  the  plate,  and  also 
permits  TC  bonding  to  very  thin  plates. 


Figure  6.  One  View  of  the  Precision  Saw 


Figure  7.  One  View  of  the  Precision  Saw 


Figure  8.  Crystal  Unit  Heater  For  Gold 
Evaporation  in  Vacuum 
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Figure  10  is  a  photo  of  one  such  bond  on  a 
5  MHz  5th  overtone  plate.  Figure  11  is  a  drawing 
of  a  typical  therraocompression  bond.  Recent 
discussions  with  and  calculations  by  Prof.  Peter 
Lee,  of  Princeton  University,  have  indicated  the 
extreme  importance  of  the  mounting  points  in 
obtaining  a  low  'g'  sensitivity  crystal  unit.  He 
indicates  a  angle  near  -15°  as  optimum  for  a  3 
point  90°  mount.  It  is  interesting  to  note  that 
the  natural  angle  generated  in  cutting  the  blank, 
(-14.8°')  which  Freouency  Electronics  uses,  the 
experimental  angle  reported  by  Rasters ,  Adams,  and 
others  of  Hewlett  Packard  in  1977,  and  Peter  Lee’s 
calculated  angle  are  all  essentially  the  same.  1 
believe  the  naturally  generated  angle  is  the 
correct  one,  but  further  experimentation  will  be 
necessary  with  precisely  mounted  units,  to  verify 
this. 

Radiation  Effects 

An  unexpected  bonus  came  to  light  when  some 
24  MHz  SC  units  in  oscillators  intended  for  use  in 
the  Galileo  Probe  of  Jupiter  were  subjected  to 
radiation  of  1.0  megarads.  The  SC  units  changed 
1  part  in  10^/rad  versus  2  parts  in  10^ 
per  rad  for  AT  units.  This  is  about  2  orders  of 
magnitude  improvement  in  radiation  susceptibility. 
This  again  needs  further  study. 

Conclusion 

Figure  12  shows  a  graph  of  one  5  MHz  doubly 
contoured  SC  unit  made  at  Frequency  Electronics, 
Inc.  subjected  to  a  2G  acceleration  by  a  simple 
turn-over  test.  Plate  up  to  plate  down  was 
1PP101!.  Rotation  in  the  vertical  plane  shows 
less  than  1PP10*0  per  G.  Future  studies  will 
be  aimed  at  increasing  the  yield  of  such  units. 
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Figure  10.  Experimental  Thermo-Compression  Bond 
To  A  5  MHz  SC  Plate 


Figure  11.  Typical  Thermo-Compression  Bond 


Figure  9.  Experimental  Gold  Bonded  Nickel 
Mounting  Ribbon 


Figure  1..  Turn-Over  Test  of  One  5  MHz, 

5th  Overtone  SC  Unit  Showing  a  ' g ’  Sensitivity 
of  Less  than  1PP1010 
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SUMMARY 

The  properties  of  fundamental  mode  SC-cut 
quartz  crystal  resonators  have  been  studied, 
primarily  as  a  function  of  blank  contour  and 
mounting  orientation.  When  the  crystal  is 
mounted  along  the  ZZ'  axis,  the  resistance  of 
the  b-mode  is  consistently  higher  than  the 
resistance  of  the  c-mode.  Q's  above  1  x  106 
have  been  observed  for  a  contour  of  1.37  diopter. 
The  capacitance  ratios  ranged  from  1000  at  0.37 
diopter  to  1700  at  2.5  diopter.  For  a  5.115 
MHz  fundamental  mode  resonator,  the  frequency 
sensitivity  to  d.c.  voltage  is  7  x  10“9/volt.  The 
implications  of  this  voltage  sensitivity  are 
discussed.  The  sensitivity  of  apparent  angle 
of  cut  to  mass  loading  is  shown  to  be  sub¬ 
stantially  less  for  the  SC-cut  than  for  similarly 
fabricated  A'  -cuts.  On  the  other  hand,  the 
equivalent  series  resistance  of  SC-cut  resonators 
is  more  sensitive  to  ambient  pressure  variations 
than  similarly  fabricated  AT-cuts'.  The 
vibration  sensitivities  and  the  dependence  of 
the  mode  spectrum  on  blank  contour  are  also 
discussed. 
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INTRODUCTION 

Overtone  crystals  are  generally  used  in 
quartz  crystal  oscillators  designed  to  attain 
the  highest  possible  stability.  Properly 
designed  and  fabricated  fundamental  mode 
resonators  can,  however,  provide  stabilities 
that  are  adequate  for  many  "high  stability" 
applications.  It  has  now  been  confirmed1,  for 
example,  that  5  MHz  fundamental  mode,_AT-cut, 
ceramic  flatpack  enclosed  resonators'  ^  can 
exhibit  short  term  stabilities  of  parts  in 
1017  per  one  second,  aging  of  2  x  10-10  per 
day  after  one  week  at  90°C,  retrace  of  5  x  lO-10 


at  the  upper  turnover  temperature,  and  warmup 
to  1  x  1O-0  (from  -40°C  to  +90°C)  in  less  than 
three  minutes.  If  such  respectable  results  can 
be  achieved  with  fundamental  mode  AT-cut 
resonators,  then,  due  to  the  now  well  known 
advantages  of  the  SC-cut, 5“7  it  was  felt  that 
with  properly  designed  and  fabricated  fundamental 
mode  SC-cut  resonators,  even  better  performance 
could  be  achieved. 

This  paper  is  a  progress  report  on 
investigations  aimed  at  developing  designs 
suitable  for  high  stability,  fundamental  mode 
SC-cut  resonators.  Unfortunately,  SC-cut 
resonators  have  a  known  disadvantage  in  that  an 
undesirable  mode  of  vibration,  the  b-mode,  is 
always  excited  together  with  the  (desired)  c-mode. 
The  b-mode,  which  is  about  10%  above  the  c-mode 
frequency,  has  had  to  be  suppressed  in  the  past 
by  means  of  oscillator  circuitry8’ 9 .  Since 
simpler  oscillator  circuitry  would  result  if  the 
resonator  could  be  designed  to  consistently  have 
a  higher  b-mode  resistance,  a  secondary  goal  of 
these  investigations  was  to  develop  SC-cut 
resonator  designs  which  assure  the  suppression 
of  the  b-mode. 

RESONATOR  FABRICATION  PARAMETERS 

The  particle  displacement  for  the  c-mode 
is  substantially  along  the  XX’  axis.  The  particle 
displacement  for  the  b-mode,  being  substantially 
along  the  ZZ'-axis,  is  nearly  perpendicular  to 
that  of  the  c-mode  .  In  an  attempt  to  take 
advantage  of  these  different  particle  displace¬ 
ments,  initially  two  variables  were  investigated: 
1)  the  orientation  of  the  mounting  points  with 
respect  to  the  crystallographic  axes  of  the 
blank  and  2)  the  blank  contour. 

The  other  resonator  fabrication  parameters 
were  held  constant,  as  follows:  the  frequency 
was  5.115  MHz  on  the  fundamental  mode,  the 
blanks  were  natural  quartz,  14  mm  diameter, 
plano-convex,  chemically  polished10  and  bonded 
at  two  diametrically  opposite  points  with 
silver  filled  polyimide  adhesive11  to  stainless 
steel  mounting  clips.  The  electrodes  were  7  mm 
diameter,  gold;  the  plateback  was  lfJ.  The 
resonators  were  packaged  in  HC-36  enclosures 
which  were  cold-weld  sealed  at  10-7  torr  (fig  1). 
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The  resonator  parameters  were  measured  with  a 
microcircuit  bridge12.  The  frequency  vs. 
temperature  characteristics  were  measured  with 
a  crystal  impedence  meter. 

Q  VS.  CONTOUR 

The  initial  experiment  was  aimed  at 
determining  the  dependence  of  Q  on  blank  contour. 
The  blanks  were  mounted  on  ZZ*  in  an  attempt  to 
suppress  the  b-mode.  Figure  2  shows  the  Q  of 
the  c-mode  vs.  blank  contour.  The  range  of 
contours  was  from  0.37  diopter  to  3.0  diopter. 

The  initial  groups  of  resonators  indicated 
that  1.37  diopter  provided  the  highest  average 
Q,  although  no  large  variations  in  average  Q 
were  observable  at  diopter  values  from  1.0  to 
3.0.  The  1.37  diopter  design  was  selected  for 
further  study.  The  additional  units  fabricated 
with  this  diopter  are  included  in  Figure  2. 

The  maximum  Q  observed,  1.8  x  106,  occurred  at 
the  1.37  diopter  contour.  The  average  Q  at 
1.37  diopter  was  about  1.0  x  106,  which 
corresponded  to  an  equivalent  series  resistance 
of  7  ohms.  As  one  would  expect,  the  Q  falls 
off  rapidly  at  low  diopter  values,  probably 
because  the  edges  become  more  active. 

The  typical  Q  of  these  SC-cut  resonators 
was  about  303!  higher  than  the  Q  of  similarly 
fabricated  AT-cut  resonators. 

Rk/Rp  VS,  CONTOUR 

The  second  part  of  the  experiment  was  to 
determine  the  ratio  of  the  resistance  of  the 
b-mode,  Rj,,  to  the  resistance  of  the  c-mode, 

Rc*  A  ratio  of  Rj,  to  Rc  which  is  greater  than 
one  is  desirable  because  a  wide-band  oscillator 
circuit  will  tend  to  oscillate  at  the  frequency 
of  the  mode  with  the  lowest  resistance. 


Figure  3  shows  R[j/Rc  vs.  contour  for  all 
units  of  figure  2.  Nearly  all  units  (49  out  of 
50)  had  a  b-mode  resistance  greater  than  the 
c-mode  resistance.  The  ratios  range  from  around 
1  to  over  100.  The  peak,  or  maximum  b-mode 
suppression,  occurs  around  1.0  diopter.  This 
appears  to  be  a  slightly  lower  contour  than  that 
at  which  the  Q  is  a  maximum. 
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The  data  points  depicted  in  figures  2  and  3 
represent  all  resonators  that  had  a  c-mode 
resistance  less  than  15  ohms.  A  15  ohm  cut¬ 
off  value  was  chosed  because  the  resistances 
fell  mainly  into  two  groups,  those  below  15 
ohms  and  those  above  40  ohms.  Anomalously 
high  c-mode  resistances  were  observed  for 
approximately  30%  of  all  units  fabricated.  It 
should  be  noted  that  in  the  group  with  the 
anomalously  high  Rc,  nearly  50%  had  a  Rb/Rc 
ratio  less  than  one.  Reprocessing  the  blanks 
from  these  units  usually  resulted  in  a  ratio 
greater  than  one.  The  fabrication  parameter 
that  degraded  the  c-mode  resistances  is  yet 
to  be  identified. 

The  suppression  of  the  b-mode  has  also  been 
observed  in  plano-plano,  6.4  mm  diameter,  20  MH2 
resonators.  Of  45  resonators  fabricated,  42 
had  an  Rb  greater  than  Rc,  regardless  of  the 
resistance  of  the  c-mode. 

The  suppression  of  the  b-mode  can,  there¬ 
fore,  be  achieved  in  fundamental  mode  SC-cut 
resonators. 

Rh/Rr  VS.  MOUNTING  ORIENTATION 

In  order  to  test  the  assumption  that  the 
mounting  orientation  has  a  significant  effect 
on  b-mode  suppression,  a  group  of  nine  blanks 
with  the  1.37  diopter  contour  was  reprocessed 
so  as  to  change  the  mounting  orientation  from 
ZZ'  to  XX'. 

Figure  4  depicts  the  ratio  of  Rj,  to  Rc 
for  the  two  different  mounting  orientations. 

It  can  be  seen  that  most  of  the  units  had 
significantly  higher  b-mode  suppression  when 
mounted  on  ZZ1 .  One  odd  unit  had  a  very  high 
ratio  on  ZZ'  and  an  even  higher  one  on  XX' . 

The  other  anomaly  was  the  one  unit  in  figure  3 
which  had  a  ratio  less  than  1. 


FIGURE  4:  VS.  MOUNTING  ORIENTATION 


These  results  seem  to  confirm  the  original 
assumption  that  the  different  particle  motions 
of  the  two  modes  may  be  of  some  aid  in  suppressing 
the  unwanted  b-mode.  The  probability  of  success 
in  suppressing  the  b-mode  is  much  higher  when 
the  resonator  is  mounted  <>n  ZZ'  instead  of  XX'. 

CjC-\  VS.  CONTOUR 

As  is  true  for  the  AT-cut13,  the  capacitance 
ratio,  C0/Ci,  increases  with  increasing  contour. 
Figure  5  depicts  the  C0  to  C^  ratio  vs.  contour. 
The  capacitance  ratio  ranges  from  approximately 
1000  for  a  contour  of  0.37  diopter  to  1700  for 
2.5  diopter.  The  capacitance  ratio  was  measured 
to  be  500  for  an  identically  fabricated  AT-cut 
resonator  with  a  contour  of  2.5  diopter.  This 
data  point  is  included  in  Figure  4  for  comparison. 
The  Ctl  of  SC-cut  resonators  is  thus  slightly 
less  than  one-third  of  the  C^  for  identically 
fabricated  AT-cut  resonators.  The  SC-cut  is, 
therefore,  more  difficult  to  "pull"  than  the 
AT-cut.  For  a  given  overtone,  the  SC-cut  is 
more  suitable  for  high  precision  applications, 
because  the  effects  of  circuit  induced 
instabilities  will  be  less. 


FIGURE  5:  C  /C,  VS.  CONTOUR 
o  1 


FREQUENCY  VS.  VOLTAGE 

It  has  been  reported  14,15  that  doubly 
rotated  resonators  are  sensitive  to  d.c.  voltages. 
The  frequency  of  a  fundamental  mode  5.115  MHz 
SC-cut  resonator,  with  a  1.37  diopter  blank,  was 
measured  as  a  function  of  d.c.  voltage  applied 
to  the  electrodes.  At  each  point,  the  frequency 
was  measured  20-30  seconds  after  application  of 
the  voltage,  after  equilibrium  had  been  reached14. 

Figure  6  shows  the  fractional  frequency 
change  versus  applied  voltage.  The  frequency 
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change  is  linear,  with  a  slope  of  about 
7  x  10-,/volt  (or  2.53  x  10“12  meters/volt). 
Kusters18  measured  2.3  x  10-12  meters/volt  while 
Hruska15  reported  1.33  x  10-12  meters/volt. 

The  value  for  AT-cut  resonators  is  theoretically 
zero8,  but  actually  measures  about  0.04  x  10“12 
meters/volt16. 


VOLTAGE 


FIGURE  6:  FREQUENCY  VS.  D.C.  VOLTAGE  - 
open  circles  are  increasing  voltage, 
closed  circles  are  decreasing  voltage, 
straight  line  is  best  fit. 


This  phenomenon  is  oi  interest  because 
it  has  an  effect  on  the  proper  choice  of 
fabrication  techniques  and  circuit  configu¬ 
rations  to  be  employed.  It  is  well  known 
that,  especially  under  low  humidity  conditions, 
Icirgs  electrostatic  potentials  can  be  h^vpI onp.d 
in  the  course  of  normal,  routine  activities. 

For  example,  a  person  walking  on  a  carpet  can 
develop  an  electrostatic  potential  as  high  as 
30,000  volts,  and  a  clean  room  smock  can 
become  charged  to  over  20,000  volts  if  not 
treated  with  static  retarding  chemicals.  When 
a  person  who  is  charged  to  such  a  high  potential 
touches  a  good  insulator,  such  as  clean  quartz, 
static  charges  are  transferred  which  can  remain 
on  the  surfaces  for  long  times,  at  localized 
areas  and  at  high  potential. 

If  in  the  course  of  cleaning  and  handling 
a  5  MHz  fundamental  mode  SC-cut  resonator,  an 
electrostatic  potential  of  only  150  volts 
remains  on  the  resonator  when  it.  is  sealed 
hermetically,  the  contribution  of  this 
electrostatic  charge  to  the  inital  aging  of  the 


resonator  will  be  about  1  ppm.  It  is  therefore 
important  that  during  the  fabrication  of  SC-cut 
resonators  static  charges  be  eliminated  from 
the  surfaces  before  the  resonators  are  sealed. 

The  UV/ozone  cleaning  technique17  is  a  simple 
method  of  eliminating  static  charges  (while  also 
maintaining  surface  cleanliness).  More  elaborate 
techniques  are  used  in  the  semiconductor  industry 
where  static  charges  can  permanently  damage  many 
types  of  devices. 

APPARENT  ANGLE  SHIFT  VS.  PLATEBACK* 

It  has  been  reported 18,1 8  that  mass  loading 
shifts  the  apparent  angle  of  cut  of  AT-cut 
resonators.  This  effect  was  of  interest  as  a 
possible  method  of  "angle  correcting",  i.e., 
fine-tuning  the  frequency  vs.  temperature 
characteristics  of  SC-cut  resonators. 

A  convenient  method  of  monitoring  changes 
in  the  frequency  vs.  temperature  characteristic 
of  a  resonator  is  to  monitor  the  variation  in 
the  frequency  difference  between  turning  points, 
TP1-TP2.  Figure  7  shows  the  variation  of  vT?i~ 
TP2),  for  identically  fabricated  AT  and  SC-cut 
resonators,  as  the  thicknesses  of  the  gold 
electrodes  are  increased.  It  can  be  seen  that 
SC-cut  resonators  are  less  sensitive  to  plateback. 
It  is  likely  that  the  effect  we  were  measuring 
for  the  AT-cuts,  was  a  combination  of  mass 
loading  and  electrode  stress.  Because  it  is 
known  that  the  SC-cut  is  compensated  for  electrode 
stresses20,  and,  it  is  now  also  known  that  the 
SC-cut  is  also  relatively  insensitive  to  plate¬ 
back,  one  may  expect  less  fabrication  induced 
miscorrelation  between  the  frequency  vs.  temper¬ 
ature  characteristic  and  the  x-ray  angles  for 
SC-cut  resonators  than  for  AT-cut  resonators. 


FIGURE  7:  APPARENT  ANGLE  SHIFT 
(Tt>1  -  tp2>  VS.  PLATEBACK 

*  The  resonators  used  in  this  experiment  were 
backfilled  with  1  atmosphere  of  nitrogen  and 
solder  sealed  (HC-6)  to  facilitate  reprocessing. 
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PRESSURE  DEPENDENCE 


The  particle  displacements  for  both  the  b 
and  the  e  modes  of  SC-cut  resonators  are 
slightly  out  of  the  plane  of  the  blank6.  It  may 
therefore  be  expected  that  an  SC-cut  resonator's 
properties  would  be  more  sensitive  to  variations 
in  the  ambient  gas  pressure  than  an  AT-cuts'. 

As  the  ambient  pressure  surrounding  an 
SC-cut  resonator  was  increased,  a  large  increase 
in  equivalent  series  resistance  was  observed. 
Figure  8  shows  the  change  in  equivalent  series 
resistance  for  5.1i5  MHz  SC  and  AT-cut  resonators 
The  pressure  was  varied  from  2  x  1C-2  torr  to 
1  atmosphere  (of  air).  The  resistance  change 
for  the  SC-cut  was  nearly  a  factor  of  six.  The 
AT-cut  changed  by  a  factor  of  3.  At  low  pressure 
the  slope  of  the  resistance  vs.  pressure  curve 
of  the  SC-cut  resonator  is  about  3  times  larger 
than  that  of  the  AT. 

The  frequency  change  between  2  x  10" 2  torr 
and  1  atmosphere  was  measured  (in  a  non-temper¬ 
ature  controlled  environment)  to  be  less  than 
1  ppm,  the  estimated  resolution  of  the  measure¬ 
ment. 

VIBRATION  RESISTANCE 

The  effect  of  vibration21  was  measured 
along  the  three  major  axes  of  the  HC-36 
enclosure.  For  SC-cut  resonators  mounted- on  ZZ' 
or  XX',  the  lowest  vibration  sensitivity  was 
along  the  direction  parallel  to  the  pins.  The 
highest  sensitivity  was  along  the  direction 
perpendicular  to  both  the  pins  and  the  normal 
to  the  face  of  the  quartz  blank..  For  SC-cut 
resonators  mounted  on  ZZ',  the  sensitivities 
ranged  fron  2.5  x  10"10/g  to  8.5  x  10"10/g 
for  the  best  direction  and  from  2.0  x  10"*/g 
to  6.0  x  10"9/g  for  the  worst  direction.  For  an 
SC-cut  resonator  mounted  on  XX',  the  values  were 
3.0  x  10-1°/g  for  the  best  direction  and 
2.0  x  10"9  for  the  worst  direction.  The  worst 
direction  for  an  identically  fabricated  AT-cut 
resonator  was  normal  to  the  blank,  where  it  has 
a  vibration  sensitivity  of  7.6  x  10-9/g,  The 
best  direction  for  this  AT-cut  was,  as  for  the 
SC-cut,  parallel  to  the  pins,  where  the  value 
was  7.6  x  10"10/g.  The  scatter  in  the  data  did 
not  allow  for  a  determination  of  whether  or  not 
there  is  a  relationship  between  the  vibration 
sensitivity  and  the  suppression  of  the  b-mode. 

MODE  SPECTRUM 

The  mode  spectrum  for  an  SC-cut  resonator 
with  a  1.37  diopter  contour  is  shown  in  figure 
9.  The  resistances,  in  ohms,  of  all  modes  are 
also  shown.  The  lowest  frequency  mode,  at 
5.115  MHz  and  3.97  ohms,  is  the  c— mode.  The  mode 
near  5.6  MHz,  9,59  ohms,  is  the  b-mode. 


FIGURE  8:  RESISTANCE  VS.  AMBIENT 
GAS  PRESSURE 


FREQUENCY  (MHz) 


FIGURE  9:  MODE  SPECTRUM 


The  frequency  difference  to  the  first 
anharmonic  mode  is  shown  in  figure  10  as  a 
function  of  contour.  It  can  be  seen  that  the 
frequency  difference  increases  for  increasing 
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FIGURE  10:  MODE  SPACING  VS.  CONTOUR  - 
frequency  difference  between  first 
anharmonic  mode  and  c-mode.  in  kHz. 


contour.  This  behavior  is  similar  for  all  of  tne 
anharmonic  modes.  The  spacings  between  the  b 
and  the  c  modes,  however,  are  much  less  sensitive 
to  contour.  The  spacing  for  the  first  anharmonic 
mode  increases  from  1.72%  of  the  c-mode  frequency 
at  0.37  diopter  to  3.6%  at  3.0  diopter.  The 
b-mode  to  c-mode  spacing,  for  one  particular 
angle  of  cut,  increases  from  10.23%  to  only 
10.33%  over  the  same  range  of  contours. 

CONCLUSION 


Suppression  of  the  b-mode  with  crystal  de¬ 
sign  is  possible  for  fundamental  mode  SC-cut 
resonators.  The  Q's  of  these  units  are  accept¬ 
able  for  many  high  precision  applications.  The 
question  of  whether  or  not  the  b-mode  suppression 
can  be  achieved  while  optimizing  other  parameters, 
such  as  vibration  sensitivity,  has  yet  to  be 
determined. 
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SUMMARY 

In  this  paper,  the  possibility  to  keep  a 
quartz  resonator  at  its  turning  point  temperature, 
only  by  means  of  the  drive  power,  is  studied. 

Coated  units  first,  then  "electrodeless" 
resonators  are  considered.  The  latter,  which 
stands  high  power  levels  and  nevertheless  main¬ 
tains  low  aging  rates,  can  be,  after  various  modi¬ 
fications  of  its  thermal  insulation,  maintened  at 
its  turn-over  temperature  with  approximately  20mW. 

Various  applications  are  proposed.  In  par¬ 
ticular  it  is  possible  to  design  an  accurate  por¬ 
table  unit  using  a  very  rough  oven  and  a  labora¬ 
tory  oscillator  in  a  liquid  helium  environment. 


INTRODUCTION 

In  a  classical  resonator  thermal  transfers 
occur  through  the  crystal  surface  which  plays  a 
fundamental  part.  Thermal  exchanges,  by  conduction 
and  radiation,  depend  on  the  crystal  surface  and 
involve  a  temperature  gradient  in  the  crystal. 
Energy  dissipation  inside  the  crystal  is  very  small 
and  actually  does  not  contribute  to  the  thermal 
balance  of  the  "resonator /oven"  system.  The  inter¬ 
nal  temperature  of  the  crystal  is  regulated  by  the 
crystal  surface  temperature  and  the  average  thermd 
energy  through  the  resonator  surface  is  null. 

EXTERNAL  AND  INTERNAL  FLUX 

Basically,  two  thermal  flux  control  the 
thermal  balance  of  a  bulk  quartz  resonator  : 

1)  The  external  flux  which  corresponds  to 
the  resonator  exchanges  with  its  oven.  At  equili¬ 
brium  its  average  is  null.  The  exchanges  correspond 
to  the  oven  fluctuations  and  occur  through  the 
resonator  surface.  Accordingly,  the  crystal  inter¬ 
nal  temperature  is  regulated  by  the  resonator  sur¬ 
face  temperature.  As  a  consequence  a  temperature 
gradient  inside  the  crystal  (entirely  depending  on 
the  oven  fluctuations)  is  involved. 

2)  The  internal  flux  due  to  vibrationnal 
energy  dissipation.  Vibrationnal  energy  is  dissi¬ 
pated  in  the  whole  bulk  crystal,  essentially  in 

the  nodal  planes  of  vibration.  Thus,  the  whole 
bulk  crystal  plays  an  important  part  in  a  self 


thermal  regulation  process.  Then  a  more  homogeneous 
inner  crystal  temperature  is  obtained. 

Of  course,  thermal  conduction  effects  inside 
the  crystal  tend  to  make  the  internal  and  the  sur¬ 
face  temperatures  uniform,  since  quartz  material  is 
a  fairly  good  thermal  conductor. 

Note  that,  for  a  classical  coated  resonator, 
drive  levels  usually  range  from  0.1  microwatt  to 
several  tens  microwatts  (low  aging  rate  un.ts  com¬ 
monly  correspond  to  some  microwatts  drive  levels). 
Under  those  conditions  the  internal  thermal  flux 
is  very  small  and  cannot  be  used  for  thermal  regu¬ 
lation. 

However,  recent  works  have  shewn  that  the  new 
"electrodeless  B.V.A."  resonators  can  stand  extre¬ 
mely  high  drive  levels  (up  to  60  mW  for  a  5  MHz 
unit).  Nevertheless  good  aging  rates  (for  instance 
3.3  10_1<Vday  for  sixteen  months  and  for  1.6  mW,  in 
a  5  MHz  fifth  overtone  AT  cut  resonator)  are  obtai¬ 
ned  1>2. 

In  this  particular  case  the  internal  thermal 
flux  is  no  more  negligible.  So  we  recently  proposed 
the  internal  flux  utilization  to0  keep  constant  and 
adequate  the  crystal  temperature" . 

Of  course,  for  an  accurate  device,  it  is  not 
possible  to  modulate  the  drive  level,  because  of 
"amplitude  to  frequency  effect".  Then,  for  the  ther¬ 
mal  regulation,  it  is  necessary  to  use  an  other 
mode  (overtone,  anharmonic,  B  or  C  mode,  ...)  with 
a  low  coupling  factor.  On  the  other  hand  the  A.F. 
effect  is  considerably  reduced  for  an  "electrode¬ 
less"  resonator.  Nevertheless,  for  warm  up  applica¬ 
tions  the  metrologic  mode  may  be  used  :  the  greater 
the  power  on  the  crystal  is,  faster  the  warm  up. 

Note  that  a  high  drive  level  is  very  suitable 
for  spectral  purity  improvement.  Other  interesting 
technics  contribute  to  this  improvement,  but  at  the 
price  of  more  sophisticated  electronics  4 >5  . 

INTERNAL  HEAT  SOURCE 

The  inner  flux  comes  from  the  electrical  ener¬ 
gy  dissipated  into  heat.  It  is  useful  to  analyse 
the  transformation  mechanism  in  order  to  calculate 
its  efficiency.  It  can  be  shown  that  the  efficiency 
is  greater  than  99% 1 2  3  .  Then,  the  internal  heat  sour¬ 
ce  produces  a  thermal  power  equal  to  the  drive 
power. 


( 
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Then,  what  should  be  the  drive  level  in 
order  to  keep  the  resonator  temperature  at  the 
turning  point,  only  with  the  internal  heat  source  ? 
The  answer  needs  an  analysis  of  the  resonator  spe¬ 
cific  thermal  losses . 

Let  us  consider  first  coated  resonators. 
COATED  RESONATORS 

(For  this  section,  all  numerical  values 
are  calculated  deal  with  a  very  general  case  : 

AT  cut,  5  MHz,  5ft  overtone  Xtal,  gold  coating, 
glass  enclosure,  turning  point  =  350°K). 

Conduction  thermal  losses  : 

They  include  : 

1/  Losses  by  wires 
2/  Losses  by  residual  gas. 
Losses  Pw  by  wires  are  ruled  by  the  FOURIER'S 
law  : 

dP„  =  -  X  g  dS 

The  thermal  conductance  Cy,  is  calculated  from  : 


Nevertheless,  for  precision  resonators  the  residual 
pressure  is  «  10-®  mbar  and  Cg  is  negligible. 

Radiation  thermal  losses  : 

Thermal  exchanges  by  radiation  obey  the 
PLANCK's  law.  In  this  case  (T  -  350eK)  the  energy 
spectral  density  is  maximum  for  wavelengths  of 
approximately  8  pm.  Then,  the  quartz  crystal  is  not 
transparent  and  we  shall  consider  its  transmission 
factor  as  null.  Tt  is  also  the  case  for  the  enclo¬ 
sure  ( glass ,  metal  or  ceramic ) . 

On  the  other  hand  the  crystal  and  the  enclo¬ 
sure  will  be  considered  as  grey  bodies  obeying 
the  LAMBERT'S  law. 

The  net  flux  exchanged  from  the  crystal  to  its 
enclosure  will  be  calculated  when  the  system  is  at 
the  steady  state  characterized  by  constant  tempe¬ 
ratures  (Tq  for  the  quartz  crystal  surface  and 
Te  for  the  enclosure).  Twc  difficulties  appear  : 

1/  the  enclosure  is  a  hollow  body  :  the  ra¬ 
diation  emited  by  its  inner  surface  is  partly 
absorbed  by  itself. 


P«  =  Cw  AT 


In  the  case  of  wires,  obviously 


C 


w 


with  6  : 


=  AS  ft  where  S  is  the  surface, 
£  the  lenght 


X  .  .  =  13W/m°K ,  X  .  ,  , =  59W/m°K 

nichrome  nickel 

For  both  wires,  the  average  value  of  Cw  is  : 

C  ~  2  10"4W/°K 
w  — 

Losses  PK  due  to  residual  gas  are  ruled  by 
KNUDSEN's  law  7  : 


2/  It  is  not  possible  to  neglect  the  multiple 
reflections  between  the  quartz  crystal  and  its 
enclosure. 

Then,  the  following  assumption  is  made  :  the  quartz 
emission  and  the  enclosure  emission  are  independent 
The  effects  of  both  emissions  calculated  indepen¬ 
dently  may  be  added  up. 

Thus,  the  whole  energy  flux  gathered  by  the 
quartz  from  the  enclosure  (multiple  reflections 
included)  is  considered.  In  addition  the  quartz 
thermal  emission  is  assumed  null. 

Likewise,  the  whole  energy  flux  <J>e  gathered  by  the 
enclosure  from  the  quartz  (multiple  reflections 
included)  is  considered.  Then,  the  enclosure  ther¬ 
mal  emission  is  assumed  null. 

The  net  thermal  power  Pr  radiated  from  the  quartz 
to  its  enclosure  is  written  : 


where 


A  =  4 


+  1 


1/2 


2  y  -  1  2  TT  M  T( 


with  p  :  residual  pressure  in  the  enclosure 
S  :  enclosure  surface 
y  :  specific  heats  ratio 
R  :  perfect  gas  constant 
M  :  molar  mass 

Te:  enclosure  temperature  (°K) 

For  air  A  =  1,6  W/m2  x  Pa  x  °K  at  Te  =  350°K 

Obviously,  the  thermal  power  dissipated  by  gaseous 
conduction  is  : 

Pg  =  Cg  AT  with  Cg  =  ApS 

„-3 


For  p  =  10  mbar,  we  obtain  : 

C 


-JL 


0.7  10-4  W/°K 


This  conductance  is  not  negligible  compared  to  Cy,. 


Pr  = 


a  <J>  -  a  4> 


q  q 


with  : 

ae  =  energetical  absorption  factor  of  the 
enclosure  inner  surface, 
ctq  =  energetical  absorption  factor  of  the 
quartz  crystal. 


Determining  the  various  terms  in  this  relation 
needs  knowledge  of  : 


energetical  emission  factor  of  the 
enclosure  inner  surface, 
energetical  emission  factor  of  the 
quartz  crystal. 

energetical  reflection  factor  of  the 
enclosure  inner  surface, 
energetical  reflection  factor  of  the 
quartz  crystal. 

total  flux  emited  from  the  enclosure  in¬ 
ner  surface,  multiple  reflections  inclu¬ 
ded  (the  quartz  thermal  emission  being 
assumed  null). 

total  flux  emited  from  the  quartz  crystal, 
multiple  reflections  included  (the  enclo- 
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-sure  thermal  emission  being  assur  ed 
null) . 


It  can  be  easily  seen  that 


e  tq 
=  f 


te 


Here  f  is  a  coefficient  <  1,  which  only  depends 
on  the  "quartz-enclosure1  system  geometry. 

On  the  other  hand  : 


te 


£  O  Te  Se  +  p„  0 


=  eAoI  S  tfp  p  <J> 
Ytq  q  q  q  Ke  Kq  Ye 


In  these  equations,  the  first  terms  correspond  to 
the  thermal  emissions,  o  being  the  CTEFAN's  cons¬ 
tant,  the  second  terms  correspond  to  the  multiple 
reflections  on  the  enclosure  inner  urface  Sg  and 
the  quartz  crystal  surface  Sg. 

Taking  the  radiation  KIRCHHOfF's  law  and  the  ener¬ 
gy  conservation  law  into  consideration,  we  obtain  • 

e  £  O  (s  T  4-  fS  T  4) 

^  _  a  o _ q  q  e  e 

'  r  =  i-f  (l-e  )  (l-e  ) 
e  q 


The  i  coefficient  calculation  can  be  done  using 
the  following  remark  :  f  being  only  depending 
on  the  system  geometry,  we  can  consider  the 
quartz  and  its  enclosure  as  black  bodies  exchan¬ 
ging  exclusively  together.  Then,  at  the  thermal 
balance,  Pp  is  null  and  : 

S 

f  s  -2 

S 


Similarly  .o  the  case  of  conduction  losses, 
a  radiation  conductance  Cr  can  be  defined  from  : 


Pr  =  Cr  AT  with  AT 


T  -T 

q  e 


Obviously  :  ?  - 

e  e  OS  (T  +T  )  (T  +T  ) 
eq  q  eq  eq 

C  =  -* 

1-(1-E  )  (l-e  )  ^ 

e  q  sp 


In  the  classical  case  of  a  resonator  in  an  oven 
(Te  =  Tq),  this  relation  is  simplified.  For  an  AT 
cut,  5  mHz,  5 ft  overtone,  in  cylindrical  glass 
enclosure  (h  =  2cm,  <}>  -  2cm),  turning  point  =  350°K, 
the  computed  value  of  Cr  is  : 

Cr  =  23  10" 4  W/°K 


Transient  process  : 


A  variation  AT  of  the  enclosure  temperature 
Tg  induces  a  transient  response  ruled  by  : 


and 


Pedt  =  *0^.  +  <Ti  '  V*: 


T=t  (Ti  -  Tq)dt  =  Ct(Tq  -  Te)dt 


with  : 


P 

e 


T. 

l 


electrical  power 

crystal  thermal  capacity 

total  conductance  (C  +C  +C  ) 
w  g  r 

crystal  conductance 

inner  heat  source  temperature 

crystal  surface  temperature. 


The  whole  crystal  material  cannot  be  considered  as 
a  heat  source  but  only  a  part  of  it,  let  us  sayk, 
corresponding  to  regions  close  to  the  nodal  planes. 
By  X-rays  topography  ®  the  coefficient  k  can  be 
estimated  to  0.5. 

The  sclutior.  of  the  previous  equations -system  is 
an  exponential  variation  with  a  given  time  cons¬ 
tant  T  : 


X 


kc  ( 1  -k ) 

_ P- _ (r 

c  c  1  t 

q  t 


-4 

Here,  C  is  approximately  2  5  10  W/°K,  and  c  is 
easily  calculated  :  c  =  0,55  J/°K.  The  thermal 
conductivity  A  in  a  direction  perpendicular  to  the 
AT  plan  is  given  by  : 


A2  (co^jt  +  si"!±)  =  1 

a  b 

with  =  35°,  a  =  5,9  W/m°K,  b  =  11  W/m°K 


This  relation  give 
Then,  in  this  case 
and 


:  A  =  6,7  W/m°K 
:  C  =  7900  10"4  W/°K 

q 

:  T  =  110s 


This  numerical  value  is  in  very  good  agreement  with 
the  experimental  results9.  It  should  be  observed 
that  the  glass  enclosure  conductance  is  around 
3  W/°K  for  a  cypical  enclosure.  Compared  with 
this  conductance  is  very  large  and  does  not  inter¬ 
fere  in  the  time  constant  measurement. 


To  summarize,  radiation  losses  are,  by  far,  the 
most  important.  For  a  precision  resonator  they 
represent  92%  of  the  termal  losses,  and  the 
losses  by  wires  conduction  only  8%. 

Experimental  data  can  be  obtained  from  transient 
measurements  (the  time  constant  which  depends  on 
the  total  conductance  is  obtained). 


Steady  State  : 


At  the  thermal  balance, 
C 

pe  8  A  ( W  =  Ct 


Pe  is  given  by  : 
(T  -T  ) 

q  e 


With  the  above  numerical  values,  we  calculate  the 

differences  T.  -  T  and  T  -  T  : 

i  q  q  e 
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1/  At  low  drive  level  (lpw) 

T.  -  T  =  6  10"7°K  and  T  -  T  =4  10'4°K 
l  q  q  e 

2/  At  high  drive  level  (50pw) 

T.  -  T  =  3  10_5°K  and  T  -  T  -  2  10_2°K 
l  q  q  e 

In  both  eases  the  inner  temperature  inhomogeneity 
(T.  -  T  )  is  considerably  smaller  than  the  surface 
temperature  variations  induced  by  tne  oven  fluctua¬ 
tions.  Thus,  the  resonators  inner  thermal  gra¬ 
dients  depend  always  only  on  oven  fluctuations. 

But  it  is  different  for  the  quantity 
(T  -  T  ).  For  a  low  oscillating  level  this  quan¬ 
tity  is  completely  instable  because  its  average 
value  is  comparable  to  the  fluctuations  Of  the 
best  ovens.  The  thermal  flux  exchanged  between 
the  crystal  and  its  enclosure  can  be  directed 
either  way,  and  its  variation  can  be  very  large 
(even  100%).  It  must  be  pointed  out  that  the  sur¬ 
face  stress  are  connected  to  these  flux  varia¬ 
tions,  and  may  involve  oscillator  frequency  va¬ 
riations  . 

For  high  drive  levels,  the  crystal  being 
in  a  over,  at  _+  10“^°K,  the  difference  T  -  T  is 
twenty  times  larger  than  over,  fluctuation.  T^e 
thermal  flux  flows  out  permanently  froi.;  crystal 
to  enclosure  and  carries  variations  of  about  5% 
only .  The  frequency  variations  connected  to  ther¬ 
mal  flux  variations  are  then  smaller  than  pre¬ 
viously.  However,  non  linear  effects  have  to  be 
considered  and  probably  ruin  part  of  the  impro¬ 
vement  . 

Fast  variations  of  drive  level  : 

Let  us  impose  a  10%  relative  variation  on 
the  drive  level,  the  oven  temperature  T  being 
assumed  constant.  The  (T.  -  T  )  and  (T  e-  T  ) 
variations  subsequent  to1this^jump  are^:  e 

1/  At  low  drive  level  (lpw) 

d(T.  -  T  )  -  6  10-8°K  and 

1  3  _5 

d(T  -  T  )  =  4  10  J°K 

q  e 

2/  At  high  drive  level  (50yw) 

d(T.  -  T  )  =  3  10'6°K  and 

i  q  _o 

d(T  -  T  )  =  2  10  °K 

q  e 

In  the  first  case  the  thermal  variations  subsequent 
to  a  10%  power  jump  may  always  be  ignored  by  res¬ 
pect  to  variations  involved  by  the  oven  fluctua¬ 
tions.  For  a  high  drive  level  (T  -T  )  variations 
subsequent  to  a  10%  power  jump  urS  in  the  order 
of  magnitude  of  oven  fluctuations.  The  surface 
temperature  changes  of  2  10  °°K  ,  involving  a 
similar  evolution  of  the  inner  temperature.  Then, 
the  resonator  frequency  changes  in  agreement  with 
the  usual  frequency- temperature  curve. 

For  high  drive  levels  the  effect  on  frequency 
of  an  inner  temperature  gradient  variation  has  been 
very  carefully  studied1^.  It  has  been  shown  that 


this  variation  induces  an  elastic  strain  related 
to  the  vibration  by  non  linear  elastic  effects. 

This  causes  variation  of  the  resonator  frequency. 

"ELECTRODELESS"  RESONATORS 

These  resonators  have  already  been  presented  . 
Basically  it  includes  : 

1/  a  vibrating  quartz  crystal.  The  active  part 
of  the  crystal  is  connected  to  the  dormant  part  by 
little  quartz  bridges. 

2/  a  quartz  condenser  made  of  two  disks  of 
the  same  cut  and  orientation  on  which  the  electro¬ 
des  are  deposited. 

3/  means  to  maintain  the  condenser  and  crystal 
tighted  together. 

4/  a  metallic  enclosure. 

Those  resonators  exhibit  thermal  properties  comple¬ 
tely  different  from  the  properties  of  other  units. 
This  is  connected,  on  the  one  hand,  to  the  thermal 
inertia  of  the  device,  on  the  other,  to  the  high 
conductance  between  the  condenser  and  the  enclosure 

Thermal  conductances  : 

Cy  and  C  do  not  differ  from  the  same  quanti¬ 
ties  in  coatea  resonators.  However,  the  radiation 
conductance  Cr,  turns  out  to  be  (all  numerical 
applications  are  made  for  an  AT  cut,  5  MHz,  5*h 
overtone,  turning  point  350°K,  nickeled  enclosure): 

Cr  =  13.7  10-4  W/°K 

Taking  into  account  various  data  on  the  mecha¬ 
nical  fixation  structure,  the  total  conductance  C 
between  condenser  surface  and  enclosure  (wires, 
residual  gas,  radiation  and  suspension)  is  found 
to  be  : 

Ct  =  1500  10'4  W/°K 

On  the  other  hand, the  internal  conductance  C. 
between  the  inner  heat  sources  (in  the  crystal) 
and  the  condenser  surface  must  be  taken  into 
account.  This  last  conductance  interfere  through 
the  bridges  conduction  and  the  radiation  process 
between  the  crystal  surface  and  the  condenser  inner 
surface.  For  an  ordinary  construction  the  bridges 
conductance  is  approximately  =  50  10  W/°K. 

The  radiation  inner  conductance  is  easily 
computed  and  found  to  be  -  24  10-1*  W/°K.  Note  that 
the  quartz  crystal  and  the  two  disks  of  the  conden¬ 
ser  are  actual  thermal  "short  -  circuits".  Thus, 
the  internal  conductance  Cf  is  simply  the  sum  of 
both  previous  conductances,  and  : 

C.  =  74  10"4W/°K 
i 

Transient  Process  : 

A  variation  AT  of  Tg  induces  a  transient 
response  ruled  by  : 

Pe  dt  =  kcpdT.  +  C.  (T.  -  Tq)  dt 
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and 


C. (T.  -  T  )dt  =  C  dT  +  CJT  -T  )dt 
ii  q  p<j  "t  q  q 


than  for  the  crystal  under  atmospheric  pressure, 
the  thermal  conductance  being  larger  in  the  second 
case. 


C  being  the  condenser  thermal  capacity.  This  sys- 
tim  is  equivalent  to  : 


kcC  C  . 

- T.  +  (kc  +  C  +  kc  -^)  T.  +  C  T. 

C,  1  D  D  D  C.  1  tl 

1  Q  X 

=  CtTe  +  (1  +  c7>  Pe  <U 


Equation  whose  the  solution  is  always  aperiodic  : 


2/  for  a  given  device,  the  thermal  hysteresis 
is  always  larger  for  a  fast  temperature  slope  than 
for  a  slow  one,  the  thermal  lag  being  proportional 
to  the  speed. 

Internal  Gradient  : 

At  the  thermal  balance  : 

Pe  =  C.  (T.  -  Tq)  =  Ct  (Tq  -  Te) 

The  numerical  application  give  : 


AT.  =  AT  {1  -  e 
i  e 


-t  A 


(A  sh  <ot  +  ch  Mt)  } 


Here  C^/C^  »  1.  This  condition  give  : 


T  = 
0)  = 
A  = 


2kcPcp'ci  '%<£*  V 

ci  <k‘p  '  V«  k°P  cp 

<kcpq*cpW  <kopc7‘  V 


The  response-time  tr  cannot  be  defined  simply  and 


differs  from  the  time-constant  T .  Nevertheless, 
it  is  possible  to  give  an  approximation  for  tr  : 


kc  +  C 
P  P 

tr  ~  C.Ct/(C.+Ct) 


which  correspond  to 
tr  -  650  s. 


The  response-time  depends  only  on  when  Ct/C. 

»  1.  It  should  be  pointed  out  that  dependsXon 
the  bridges  number,  on  their  location  and  on  the 
reflection  factor  of  the  electrodes.  Usually  for 
"electrodeless"  resonators,  the  experimental  mea¬ 
surement  yield  :  500g  <  t  <  850g. 

Here,  the  response-time  is  several  times  that  of 
a  coated  resonator.  This  situation  explains  the 
"electrodeless"  resonator  thermal  hysteresis  is 
larger  compared  to  the  case  of  a  coated  resonator. 
Indeed,  for  a  given  temperature  slope  the  thermal 
lag  is  proportional  to  the  response- time .  On  fig. 

1,  are  represented  a  temperature  slope  imposed  to 
the  enclosure  and  the  corresponding  crystal  tem¬ 
perature.  If  the  "frequency-temperature"  curve  is 
known  for  increasing  temperatures,  then,  the 
"frequency-temperature"  curve  for  decreasing  tem¬ 
peratures  can  be  infered.  For  instance  at  the  time 
tj^,  the  enclosure  temperature  is  T^  and  the  crys¬ 
tal  temperature  Tg.  To  the  temperature  T  corres¬ 
ponds  the  point  C  on  the  first  part  of  the  curve 
(frequency  f^).  The  point  D  of  the  second  part  of 
the  curve  is  located  at  the  intersection  between 
the  axis  TA  and  the  axis  f, .  The  point  D'  is  obtai¬ 
ned  for  the  time  t2  in  a  similar  way.  This  expla¬ 
nation  of  the  observed  "frequency-temperature" 
curve  is  reinforced  by  both  following  experiments  : 

1/  for  a  given  device,  the  thermal  hystere¬ 
sis  is  always  larger  for  the  crystal  under  vacuum 


1/  At  low  drive  level  (lyiw)  : 

T-  -  T  =  1.5  10~4oK 

1  q 

2/  At  high  drive  level  ( 50pw)  : 

T,  -  T  =  7  10~3°K 

1  q 

In  the  latter  case,  the  internal  difference  T^-T 
is  larger  than  the  variations  of  the  surface  tern" 
perature  Tq,  induced  by  the  oven  fluctuations.  TV  is, 
the  internal  gradient  of  temperature  is  more  per¬ 
manent  with  the  time. 

Internal  Heating  : 

Usual  "electrodeless"  resonators  must  be  modi¬ 
fied  for  internal  heating  applications.  Indeed,  to 
maintain  the  crystal  temperature  at  350°K  with 
an  external  temperature  of  293°K,  it  would  be  neces¬ 
sary  to  drive  the  crystal  with  a  power  : 

Pe  =  (Ti  '  V  CiCt/(Ci  -  Ct> 

“  400  mW  which  is  not  adequate. 


ISOLATED  "ELECTRODELESS"  RESONATOR 


For  an  internal  heating  device,  the  last  cal¬ 
culation  shows  it  is  necessary  to  decrease  : 


1/  the  radiation  losses  between  the  condenser 
and  the  enclosure. 

2/  the  conduction  losses  of  the  wires. 

3/  the  conduction  losses  of  the  whole  fixation 
structure . 

4/  the  internal  losses  by  radiation  and  conduc¬ 
tion  between  the  crystal  and  the  condenser. 


Decreasing  of  radiation  losses  : 


The  termal  conductance  by  radiation  between 
the  condenser  and  the  enclosure  is  given  by  : 


Cr  = 


e  e  oS  (T  +T  )  (T2+  T2) 
q  e  q  q  ek  q  e 


1  -  (1-e  )(l-e  )  e* 
e  q  S 
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For  pratical  reasons  the  ratio  S  /S^  is  about 
0,5.  It  is  difficult  to  decrease4this  ratio. 
Likewise  the  surface  S  is  imposed  by  the  fre¬ 
quency  and  by  the  need’of  good  quality  coeffi¬ 
cients. 

Then,  it  is  possible  to  change  e.  and  £g  by  use  of 
coated  condensers  and  coated  enclosures .  A  gold 
coating  is  recommended.  Indeed,  for  a  wavelenght 
of  10  ym  : 

Cr  =  0.35  10"4  W/°K  at  Tq  =  Tg  =  350°K 

Thus,  Cr  is  divided  by  forty  by  respect  of  its 
value  in  the  case  of  a  normal  electrodeless  reso¬ 
nator  . 

Decreasing  of  conduction  losses  of  wires  : 

Some  alloys  as  Nichrome,  Hastelloy  C.  or 
even  stainless  steel  can  be  used.  For  Nichrome, 
a  diameter  of  100  ym  is  correct.  Then,  for  both 
wires  : 

Cw  =  0.2  10~4  W/°K 
p  =  1.4SI 


Response-Time  : 

With  the  new  values  for  Ct  and  C^, 
tr  becomes  : 

tr  =  3  hours 

This  response-time  corresponds  to  an  excellent 
thermal  insulation  ;  it  has  advantage  to  make  the 
inner  crystal  pratically  insensitive  to  the  pe¬ 
riodic  temperature  variations  when  the  variations 
period  is  not  too  slow. 

In  order  to  calculate  this  insensitivity  ,  let  us 
impose  to  the  enclosure  by  the  intermediary  of  the 
oven,  the  following  temperature  variation  : 

T  =  T  +  AT  sin  ft  t 
e  o  e 

Then,  the  second  part  of  the  equation  (1)  includes 
a  variable  term  and,  in  the  staedy  state,  the  in¬ 
ternal  temperature  T^  of  the  resonator  becomes  : 

C  +  C. 

Tf  =  To  +  Pe  +  AT.  sin  (fit  +4>) 

i  1 

with 


Decreasing  of  conduction  losses  of  fixation 
structure  : 


It  is  necessary  to  be  very  careful  because 
these  losses  are,  by  far,  the  most  important. 
Indeed,  for  a  normal  "electrodeless"  resonator 
the  conductance  of  the  fixation  is  : 

=  1500  10~4  W/°K 

A  novel  fixation  structure  has  been  designed  in 
this  case  and  allows  in  principle  : 

Ct  =  5  10-4  W/°K 

Some  more  effort  is  needed  on  that  point. 

Decreasing  of  internal  losses  : 

Two  points  can  be  studied  : 

1/  The  bridges  can  be  reduced  and  manufac¬ 
tured  following  the  X-axis  of  the  AT  cut.  Then, 
bridges  conductance  can  become  : 

=  20  10-4  W/°K 

2/  In  order  to  decrease  the  radiation  los¬ 
ses  between  the  crystal  and  the  condenser,  the 
inner  surface  of  this  can  be  gilded,  except  a 
fine  line  round  the  electrodes.  Thus,  the  ener¬ 
getical  emission  factor  of  the  condenser  inner 
surface  is  reduced  to  the  minimum,  and  the  ther¬ 
mal  conductance  by  radiation  between  the  crystal 
and  the  condenser  is  calculated  : 

=  1.7  10'4  W/°K 

Taking  those  two  conductances  into  consideration, 
the  internal  conductance  is  : 

=  22  10‘ 4  W/°K 


AT.  = 


C  AT 
t  e 


C  C 

C  cosi|>-{C  +kc  (l+fe^  +  rfeft  )}  fi  sin  <j> 
t  P  P  ii 


and 


{CP  +  kcP  (1  +  <T)}  n 

tg4,  =  kc  C 


JLJifi2  -  c 

C.  t 

l 


For  periodic  variations  of  period  =  1  hour,  AT.  is 
computed  : 


|AT.|  =  5  10-2  |ATj 

And  for  periodic  variations  of  period  =  1  minute  : 
|ATj  =  10"3  |ATj 

Of  course,  this  last  result  is  much  interesting 
for  the  medium  term  frequency  stability. 

Drive  levels  needed  for  internal  heating  : 


At  the  thermal  balance  the  electrical  power 
is  connected  to  the  conductances  and  the  tempera¬ 
tures  by  the  relation  : 


p« s  -refer  <Ti  -  V 


In  order  to  keep,  only  with  the  electrical 
power,  at  its  turning  point  (350°K)  the  isolated 
"electrodeless"  resonator  described  previously, 
which  sits  in  an  environment  at  293°K,  it  is  neces¬ 
sary  to  rise  the  drive  level  to  : 


Pe  =  23  mW 
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Those  drive  levels  have  proved  to  be  possible  for 
B.V.A.  resonators.  Under,  these  conditions  the 
temperature  difference  between  the  crystal  and 
the  condenser  is  : 

T.  -  T  =  10°K 

i  q 

and  the  difference  between  the  condenser  and  the 
enclosure  is  : 

T  -  T  -  46°K 
q  e 

11 

VARIOUS  APPLICATIONS 

Oscillator  of  medium  accuracy  : 

Such  an  oscillator  have  the  following  characteris¬ 
tics  : 

1/  an  internal  heating,  the  traditionnal 
oven  being  suppressed  (in  general,  this  oven  re¬ 
quires  several  watts ) . 

2/  an  aging  rate  which  is  basically  cons¬ 
tant. 

3 '  a  resonator  temperature  regulation  by 
the  intermediary  of  the  drive  level.  In  order 
to  avoid  the  frequency  variations  related  to  the 
A.F.  effect,  it  is  proposed  to  apply  a  constant 
power  on  the  metrologic  mode  and  to  heat  the 
crystal  with  another  vibration  mode  12 .  Of  course, 
this  latter  mode  must  be  uncoupled  with  the  me¬ 
trologic  mode,  at  least  to  a  large  extent. 

The  temperature  sensor  can  use  a  third 
mode,  for  instance  the  mode  B  in  a  SC  cut,  like 
that  has  already  been  proposed  13  5 14 . 

4/  a  very  fast  warm  up  :  the  warm  up  time 
can  be  approximated  very  simply,  since  the  con¬ 
denser  temperature  is  supposed  constant  and 
equal  to  Te.  Then  : 

T.  =  T  +  (1  ••  e't/T) 

1  ci 

with 


The  superior  limit  of  the  warm  up  time  can  be 
computed  using  this  relation. 

Thus,  using  an  isolated  "electrodeless"  resonator 
and  with  an  electrical  power  of  only  60  mW  ap¬ 
plied  directly  on  the  crystal,  the  warm  up  time 
is  : 

t  =  10s 

This  time  is  the  necessary  time  to  obtain  the 
turning  point  at  350°K,  with  an  environment  tem¬ 
perature  at  293°K. 

Accurate  oscillator  with  rough  oven  : 

If  the  necessary  power  in  order  to  supply 
an  oven  is  available,  it  is  interesting  to  take 
advantage  of  the  excellent  insulation  of  the  iso¬ 
lated  "electrodeless"  resonator.  This  can  be  set 
in  a  rough  oven  producing  an  temperature  oscilla¬ 


tion  of  _+  1°K,  for  instance.  The  various  advantages 
are  : 

1/  a  simple  oven,  little  cumbersome  and  little 
breakable.  With  this,  for  oven  thermal  variation 
periods  next  to  one  minute,  the  crystal  temperature 
fluctuations  are  0.001°K. 

2/  a  little  aging  rate,  in  so  far  as  the  reso¬ 
nator  is  drived  at  90  pw  for  an  AT  cut  and  at 
160  pw  for  a  SC  cut  1  (natural  crystals). 

3/  an  internal  gradient  of  temperature  which 
is  constant/ time.  Indeed,  with  a  drive  level  of 
90  pw,  the  temperature  difference  T^  -  T  is 
0.2°K,  i.e.  two  hundred  times  the  crystal  tempera¬ 
ture  fluctuation  induced  by  the  oven  temperature 
oscillation.  Thus,  the  thermal  flux  is  constant 
and  the  resonator  internal  gradient  variations  are 
completely  negligible. 

4/  under  these  conditions,  a  frequency  stabi¬ 
lity  which  would  otherwise  be  obtained  with  a  so¬ 
phisticated  oven, is  obtained  with  a  poor  oven. 

5/  a  very  fast  warm  up,  because,  like  previous¬ 
ly,  the  warm  up  time  for  the  crystal  is  about  10 
secondes  (with  a  power  of  60  mW  applied  directly 
on  the  crystal). 

Hyper  regulated  oscillator  : 

In  laboratory  conditions,  the  fixation  of  the 
isolated  "electrodeless"  resonator  can  be  modified 
and  replaced  by  fine  wires.  At  the  same  time  ra¬ 
diation  losses  can  be  enlarged.  These,  with  frosted 
surfaces,  can  give  a  thermal  conductance,  by  ra¬ 
diation,  of  approximately  : 

Cr  =  33  l<>"4  W/°K 

while  the  fixation  thermal  conductance  can  be 
decreased  to  : 

C  u  0,5  10"4  W/°K 

fix. 

Under  these  renditions  the  thermal  losses  are  only 
radiative  and  at  the  thermal  balance  : 

dT.  T  4  dT  ,  T  4  dP 

— -  (_£)  — -  +  A  (i  — —  )  — £. 

X  T  '  T  4V  4  P 
i  i  e  T.  e 

x 

Such  a  resonator  is  placed  in  a  bath  of  liquid 
helium.  Its  internal  temperature  is  kept  at  the 
turning  point.  Then,  the  ratio  (Te/T^)4  is  : 

=  4  l<f  8 

Under  those  conditions  using  an  usual  helium  bath, 
the  crystal  temperature  Tj  can  be  maintained  very 
accurately  : 

Tj  =  350°K  +  10_5°K 

It  is  possible,  with  a  helium  bath  whose  the  pres¬ 
sure  would  be  controlled,  to  obtain  +  1C_6oK.  But 
this  is  probably  very  difficult  because  of  the 
electrical  power  control  requirement.  Under  these 
conditions,  in  order  to  keep  the  crystal  at  the 
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turning  point,  the  needed  drive  level  is  : 

P  =  1  watt 
e 

This  heating  power  can  he  directly  applied  on  the 
condenser,  by  means  of  a  resistor  bonded  on  its 
external  surfaces . 
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AN  L-  AND  S-BAND  RADAR  EXCITER  USING 
AGILE  LOW  NOISE  PHASE  LOCKED  LOOP  SYNTHESIZERS 


Constantine  Andricos 
ITT  GILFILLAN 
Van  Nuys,  California  91406 


SUMMARY 

An  exciter  using  phase  locked  loops  (PLL)  to  generate 
radar  frequencies  was  built  and  tested  at  ITT  Gilfillan.  Its 
performance  was  superior  in  many  respects  to  standard 
direct  synthesizer  configurations.  In  addition  to  being  less 
complex,  the  phase  locked  loop  approach  proved  more 
versatile  for  changing  frequency  bands  for  different  systems 
and  augments  a  modular  approach  for  frequency  generation 
in  radar  systems. 

The  basic  exciter  was  built  at  L-band  covering  1.2  to 
1.4  GHz,  and  extended  to  3.1  to  3.6  GHz  by  the  addition 
of  an  S-band  synthesizer  and  upconverter. 

The  measured  short  term  stability  at  L-  and  S-band  was 
<3  x  10”^  for  a  1  msec  sample  time.  A  250  kHz  step 
size  over  a  500  MHz  bandwidth  was  achieved  with  a  total 
settling  time  of  <60  psec  to  within  0.1  degree  phase  for 
any  frequency  change. 

The  exciter  was  constructed  entirely  using  thick  and 
thin  film  hybrid  and  microwave  integrated  circuit  technology. 
The  result  was  improved  performance,  increased  MTBF  and 
reduced  size,  weight,  and  power. 

Key  Words  (for  information  retrieval).  Synthesizer, 
Phase  Locked  Loop,  Radar  Exciter,  Thick  Film  Substrates, 
Radar  Improvement  Factor. 

INTRODUCTION 

The  main  driving  functions  for  new  applications  of 
search  radars  are  improved  clutter  performance,  antijamming 
capability  and  higher  reliability  and  reduced  LCC.  The 
resulting  requirements  for  high  MTI  performance  and 
frequency  agility  place  stringent  demands  upon  the 
frequency  synthesizers  of  radar  systems. 

PERFORMANCE  REQUIREMENTS 

Frequency  agile  radars  require  programming  of  local 
oscillator  frequencies  over  wide  bandwidths  typically,  200  to 
500  MHz.  In  addition,  the  radar  hopping  scheme  is  such 
that  comparatively  fast  settling  times  at  each  frequency  are 
required,  typically  to  within  0.1  degrees  in  <60  psec.  The 
conflicting  additional  requirement  of  very  low  phase  noise 


and  spurious  outputs  makes  the  synthesizer  design  an 
exacting  task. 

Typical  synthesizer  performance  requirements  include: 

•  L-  and  S-band  transmit  frequency 

•  200  MHz  to  500  MHz  band  coverage 

•  250  kHz  minimum  step;  full  band  maximum  step 

•  <60  psec  switching  to  0.1  degree  phase 

•  Short  term  stability  3  x  1CT10  at  1  msec 

•  Phase  noise  floors  -  115  dBc 

•  Improvement  factors  >55  dB 

•  Spurious  signals  80  dB  down. 

SYNTHESIZER  TRADEOFFS 

The  performance  requirements  are  achieved  in  standard 
configurations  using  direct  synthesizers  which  select 
frequencies  from  a  bank  of  crystal  oscillators,  mixing  to 
obtain  the  sum  or  difference  frequency  and  then  multiplying 
to  produce  the  desired  output  frequency. 

Since  the  crystal  oscillators  are  always  in  the  on 
position,  frequency  switching  speed  can  be  quite  rapid 
(approximately  10  psec).  The  existence  of  many 
simultaneous  frequencies,  however,  presents  a  problem 
in  maintaining  a  spurious-free  output.  The  spectral  purity 
of  the  output  depends  to  a  large  degree  not  only  on  the 
selected  oscillator,  but  also  on  the  selector  switch  isolation, 
the  mixer’s  inter-modulation,  and  the  filter’s  rejection 
characteristics.  As  the  radar  bandwidth  requirements 
increase,  the  direct  synthesizer  becomes  less  able  to  maintain 
an  acceptable  spurious-free  output. 

The  direct  synthesizer  is  also  relatively  bulky  and 
expensive  due  to  the  large  number  of  mixers,  amplifiers, 
switches,  oscillators  and  filters  required.  This  imposes  a 
restriction  on  reliability  and  maintainability.  Additionally, 
periodic  alignment  of  the  multiple  RF  circuits  is  a  necessity 
and  adaptability  to  different  systems  is  difficult. 

Microwave  synthesis  is  usually  accomplished  by 
multiplying  or  upconverting  the  low  frequency  output  of  a 
direct  synthesizer.  The  crystal  oscillator  frequencies  are 
selected  by  a  switch  matrix  at  a  relatively  low  frequency 
to  achieve  high  isolation.  The  multiplication  effect  imposes 
tight  specifications  on  the  low  frequency  synthesizer.  For 
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example,  the  requirement  for  switching  times  of  <60  Msec 
for  0.1  degree  phase  at  X-band  (100  times  multiplication) 
necessitates  a  specification  of  0.001  degree  phase  settling 
or  run  out  at  the  low  frequency  synthesizer. 

Buffering  at  each  oscillator  output  required  to  achieve 
the  very  high  isolation  and  low  phase  disturbance  with 
switching  can  lead  to  excessive  signal  attenuation  which  can 
increase  the  phase  noise  at  the  final  output. 

Because  of  these  inherent  limitations  of  direct 
synthesizers,  other  configurations  were  studied.  The  primary 
areas  of  interest  in  the  analysis  were  phase  noise,  settling 
time,  maximum  bandwidth,  minimum  step  size  and  simplicity. 

The  phase  locked  loop  approach  was  selected  because 
of  its  simplicity,  and  frequency  agility,  and  because  it 
offered  superior  noise  and  spurious  signal  performance. 
Several  types  of  loops  were  studied  including  those  using 
analog  direct  feedback  with  microwave  phase  detection  and 
programmable  divider  feedback. 

IMPROVEMENT  FACTOR 

In  search  radars,  the  unwanted  clutter  and  background 
returns  are  removed  by  moving  target  indicator  (MTI) 
operation  which  relies  on  the  Doppler  frequency  shifts 
produced  by  the  movement  of  the  target  for  discrimination. 


where  A( p  is  the  interpulse  period  phase  change.  The 
improvement  ratio  for  a  double  canceller  is2 


A 0' 


or 

IdB  =  10  log  (5) 

A$2 

The  cancellation  occurs  on  a  pulse-to-pulse  basis  with  phase 
comparison  times  related  to  the  interpulse  period  T,  and  r, 
the  round  trip  time  to  target.  Typically  r  is  of  interest 
from  25  Msec  (2  miles)  to  1236  Msec  (100  miles)  and  T  =  2 
msec  so  that  synthesizer  noise  sidebands  above  10  Hz  are 
the  ones  limiting  the  cancellation  that  can  be  obtained. 

Because  of  the  difficulty  of  measuring  the  single 
sideband  noise  of  microwave  oscillators  close  in  to  the 
carrier,  it  is  convenient  to  specify  short  term  stability  in  the 
time  domain. 

For  this,  a  computing  counter  is  used  and  a  plot  of 
fractional  frequency  deviation  AF/Fq  versus  sampling  time  is 
obtained.  The  improvement  factor  1  in  terms  of  <cry(2,T,r)> 
the  averaged  value  of  the  standard  deviation  of  AF/Fq  is 
given  by  Equation  (6). 


The  phase  reference  is  generated  by  the  local  oscillators 
producing  the  radar  signals.  Good  clutter  cancellation 
requires  high  phase  stability  on  the  synthesizers.  A  measure 
of  the  effectiveness  of  the  MTI  is  the  clutter  attenuation 
CA.2  CA  is  defined  as  the  ratio  of  input  clutter  power  Cj 
to  output  clutter  power  C0.  The  improvement  factor,  I,  is 
defined  as  the  average  improvement  in  the  signal-to-clutter 
ratio  introduced  by  the  canceller,  including  the  canceller 
average  gain  G.2 

s0/c0 

1  =  Sj/q  (1) 

SQ  =  Average  output  signal  power 

Sj  =  Input  signal  power 

In  terms  of  the  clutter  attenuation  ratio2 

I  =  GxCA  (2) 

where  G  =  the  signal  power  gain  when  averaged  over  ah 
possible  target-Doppler  frequencies. 

The  clutter  attenuation  is  given  to  be2 

CA  =  -=r  (3) 

A#2 


co02  2r2  <  ay2(2,T,r)> 


(6) 


*x20» 

r 


WQ 

I 


=  2r2  <  ay2  (2,T,r)>5  (7) 

=  mean  square  time  for  Doppler  radar 
=  sampling  time 
=  2*F0 

=  improvement  factor  for  a  double  canceller 


Although  the  time  domain  measurement  is  convenient 
and  relatively  simple,  the  numbers  offer  no  insight  directly 
on  the  synthesizer  design  requirements. 


A  phase  noise  versus  frequency  offset  from  the  carrier 
plot  is  preferable  for  the  design  and  specification  of  the 
local  oscillators.  The  relation  of  the  improvement  factor  to 
the  phase  spectral  density  is  given  by 


I 


3 


sin2  (it  t  f)  sin2  (n  T  f)  df 


(8) 
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I  =  the  improvement  factor  for  a  double  canceller 
(0  =  the  power  spectral  density  of  the  oscillator 
phase  noise. 

t  =  roundtrip  time  to  target,  equivalent  to  the 
sampling  time  above. 

F  =  Vi  the  bandwidth  of  radar  IF 
T  =  1/PRF  of  radar 


The  silica  fT)  terms  are  weighting  functions  applied  to 
the  phase  spectral  density  S*  (0  peaking  at  f  =  1/2T  and 
dropping  rapidly  for  F  <  1/2T  as  shown  in  Figure  1. 


Figure  l.  Weighting  function  of  phase  noise  spectral  components 


The  dominant  weighting  function  is  the  time-to-target 
t  term  since  r  <  T. 

When  the  main  contribution  to  the  MTI  improvement 
factor  is  the  noise  floor,  the  T  term  has  only  a  small  con¬ 
tribution  to  the  overall  integration.  This  is  so  because  for 
the  higher  frequency  components  of  (f)  there  is  little 
correlation  between  pulse  transmission  intervals. 

As  the  time  to  target  r  is  increased,  the  weighting 
function  is  heavier  on  the  lower  frequency  components  of 
the  synthesizer  phase  noise  spectral  density.  The  contri¬ 
butions  of  the  various  parts  of  the  noise  curve  to  the  MTI 
stability  factor  can  be  estimated  for  different  r’s.  Thus, 
for  r  =  1  msec  (81  miles)  the  weighting  function  peaks  at 
500  Hz  (0  dB)  and  is  -30  dB  at  10  Hz  offset.  For  the 
synthesizer  noise  floor  extending  out  to  F2  when  F  >  1/t, 
a  weight  of  'h  is.  applied  to  S^(t). 


Figure  2.  L-Bond  synthesizer  phase  noise  spectral  density 
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The  individual  segments  are  summed  as 


where  I-p  =  the  synthesizer  improvement  factor 


and,  1 1 ,  1 2,  I3  are  the  improvement  factors  for  the 
individual  frequency  segment,  O-Fj,  Fj-F2,  F2-F3. 

From  the  table,  it  can  be  seen  that  the  main  contribu¬ 
tion  to  the  improvement  factor  is  the  synthesizer  noise  floor. 
The  low  frequency  noise  becomes  more  important  as  the 
radar  range  increases.  The  frequency  span  above  200  kHz 
contributes  about  -2  dB  to  the  improvement  factor. 


The  slope  of  the  noise  beyond  the  second  breakpoint 
F2  is  l/f^  and  corresponds  to  the  slope  of  the  VCO  alone. 

As  F  j  moves  higher  in  frequency,  the  effect  of  the 
1/r  noise  increases  and  the  improvement  factor  decreases 
rapidly. 


IMPROVEMENT  FACTOR  CALCULATIONS 

Calculations  using  Equation  (8)  showing  the  contributions 
of  various  parts  of  the  noise  spectrum  for  different  r  (round- 
trip  times  to  target)  appear  below.  The  spectrum  (0  is 
for  the  L-band  synthesizer  at  1.03  GHz  shown  in  Figure  2. 
The  PRF  is  2  msec  and  the  system  video  bandwidth 
=  500  kHz. 


This  effect  of  the  low  frequency  breakpoint  Fj,  in  the 
noise  spectrum  on  the  MTI  improvement  factor  appears 


below  for  the  T  = 

2  msec. 
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From  the  above  discussion,  it  is  clear  that  to  maximize 
the  improvement  factor,  the  synthesizer  noise  floor  should 
be  as  low  as  possible  and  should  drop  down  at  F2  as  early 
as  is  permissible  by  other  requirements.  For  good  MTI  at 
long  ranges,  the  breakpoint  frequency,  F j  should  be  as  low 
as  possible  and  the  sideband  noise  close  into  the  carrier, 

<  3  kHz  should  be  minimized. 

L-BAND  EXCITER 


Figure  3  illustrates  the  complete  exciter  L-band 
configuration  and  the  frequency  plan. 
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Figure  3.  L-Band  Exciter 

The  radar  exciter  £•  lerates  a  biphase  coded,  pulsed 
signal  in  the  1.2  to  l/  Hz  region  which  is  amplified  for 
transmission. 


In  addition,  it  suppies  all  the  frequencies  required  for 
the  receiver  and  the  pro  essor.  The  first  and  second  LOs 
are  agile  while  the  COHOs  are  fixed  frequency  but 
programmable. 

The  digital  phase  locked  loop  was  selected  for  all  the 
synthesizers  since  it  satisfies  the  bandwidth,  minimum  step 
size,  the  switching  time,  and  the  output  phase  noise  require¬ 
ments.  The  system  parameters  were  selected  as  follows. 

The  synthesizer  reference  frequency,  103.56886  MHz, 
was  chosen  such  that  an  integral  division  will  provide  a 
system  clock  frequency  for  the  digital  processing  such  as 
1/64  of  a  nautical  mile  This  simplifies  the  digital  processing 
and  reporting  of  data. 

The  reference  oscillator  at  103.56  MHz  is  used  for  ail 
synthesizers  for  a  coherent  frequency  plan.  This  oscillator 
directly  determines  the  close-in  phase  noise  for  all  generated 
frequencies;  therefore,  its  design  was  critical  in  achieving 
high  MTI  improvements.  Figure  4  shows  a  photo  of  the 
reference  oscillator  with  the  measured  short  term  stability, 
AF/F,  of  the  crystal  oscillator  to  be  8  x  10“"  for  a  !  msec 
sampling  time,  bottoming  at  10  msec  at  4  x  10“". 
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Figure  4.  Test  results  for  reference  crystal  oscillator 


L-Band  Synthesizer 


The  first  local  oscillator  (LO)  synthesizer  uses  a  VCO 
operating  directly  at  931  to  1100  MHz  which  is  down- 
converted  to  270  to  435  MHz  and  set  by  the  programrnau.e 
divider  for  phase  comparison  at  10.3  MHz.  See  Figure  5 
for  the  block  diagram.  The  loop  bandwidth  was  set  at 
200  kHz  for  optimum  noise  and  switching  time  performance. 

For  improved  low  noise  and  spurious  performance,  a 
digital  phase  detector  with  a  charge  pump  was  used  to 
compare  phase  and  provide  frequency  discrimination. 
Relatively  low  division  ratios  (27  to  42)  were  used  in  the 
feedback  programmable  divider  and  a  low  noise  VCO  was 
designed  to  minimize  output  phase  noise.  Spurious  output 
frequencies,  due  to  reference  feedthrough,  were  reduced  to 
greater  than  80  dB  down  from  the  carrier  by  suitable  filters 
at  the  VCO  input. 

The  step  size  of  the  loop  is  set  at  10.3  MHz  so  that 
sufficient  bandwidth  is  attainable  without  stability  problems. 
A  resolution  improvement  of  20  times  for  a  5 1 7  kHz  step 
size  was  achieved  by  the  addition  of  a  second  loop.  The 
switching  time  and  short  term  stability  was  not  degraded 
significantly  from  that  of  the  single  loop. 

The  fine  tune  PLL  operates  over  the  300  to  409  MHz 
region  with  a  step  size  of  5.17  MHz.  A  fixed  divide  ratio 
of  10  at  the  output  produces  a  3040  MHz  signal  with  a 
517  kHz  step  size.  Up-conversion  with  a  fixed  X6  multiple 
of  the  103.5  MHz  reference  (621.413  MHz)  provides  the 
651.4  to  662.3  MHz  offset. 
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Figure  S.  l-Band  fine  frequency  step  PLL  synthesizer 


Noise  Performance  of  the  Digital  PLL 

The  curves  in  Figure  6  show  the  measured  single 
sideband  phase  noise  and  the  estimated  noise  as  contributed 
from  the  elements  in  the  loop.  All  the  active  components 
in  the  loop  contribute  to  the  overall  output  phase  noise. 


The  phase  locked  loop  acts  as  a  low  pass  filter  for  the 
reference  and  multiplied  reference  noise  and  acts  as  a  high 
pass  filter  for  the  VCO  noise.  The  filters  cutoff  at 
approximately  the  loop  bandwidth. 


The  long  term  stability  and  the  noise  close  in  to  the 
carrier  is  attributable  directly  to  the  reference  oscillator. 
This  is  the  1/f^  term  in  the  previous  discussion.  The  noise 
from  this  source  is  multiplied  at  the  output  by  the  Np 
(feedback  division  ratio). 


The  phase  detector  and  programmable  counters 
establish  the  noise  floor  in  the  intermediate  frequency 
range  of  1  kHz  to  200  kHz.  Above  the  loop  bandwidth, 
the  noise  is  established  by  the  VCO. 

For  optimum  noise  performance,  the  loop  bandwidth  is 
set  at  the  intersection  of  the  VCO  noise  and  the  divider 
noise  floor. 

The  output  phase  noise  was  minimized  by  observing 
the  following  points: 

•  The  division  ratio  was  set  as  low  as  possible. 

•  Specification  for  good  short  term  stability  of  the 
reference  oscillators  since  the  close-in  noise  is  not 
filtered  by  the  loop. 

•  Use  of  hybrid  low  noise  operational  amplifiers  for 
the  loop  filter.  (1  nv/^/Hz  input  noise  level). 

•  Use  of  logic  circuits  with  low  jitter  for  the  reference 
and  programmable  dividers.  ECL  logic/— 150  dBc 
noise  floor. 

•  Selection  of  low  noise  components,  resistors, 
amplifiers,  etc. 

•  Design  of  VCO  with  low  noise  for  frequencies  outside 
the  loop  bandwidth.  Selected  varactors,  high  Q,  low 
leakage. 

•  Optimization  of  loop  parameters,  gain,  damping 
factor,  use  of  shaping  network  to  maintain  constant 
loop  bandwidth. 

•  Proper  shielding  and  grounding  techniques.  This  was 
especially  important  to  reduce  power  line  pickup  very 
close  in  to  the  carrier. 

Spurious  Outputs 

The  spurious  components  at  the  output  of  the  loop 
were  maintained  below  80  dB. 
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The  spurious  outputs  were  attributed  to  the  following: 


where 


•  Phase  detector  reference  leakage. 

•  Down  converter  intermodulation  products  and 
leakage. 

•  VCO  spurious  generation. 

•  Power  supply  pickup. 

•  Fine  step  loop  products. 

The  first  item  was  minimized  by  using  a  three-state 
digital  phase  detector  and  a  high  reference  frequency  with 
subsequent  low  pass  filters. 

THe  down  converter  spurs  are  maintained  at  a  low  level 
by  proper  selection  of  the  frequencies  and  suitable  bandpass 
filters  and  isolators  at  the  mixer  terminals. 


The  contribution  from  the  VCO  is  minimal  since  a 
wideband  tunable  oscillator  was  designed  with  a  relatively 
high  Q  which  has  a  spur  free  output  in  the  operating  band. 

Adequate  shielding,  grounding,  and  power  supply  ripple 
filtering  prevented  power  supply  coupling  and  degradation  of 
the  output  spectrum. 

When  the  auxiliary  loop  was  used  for  the  fine  step  size 
and  the  down  conversion  frequency  was  not  an  integral  mul¬ 
tiple  of  the  PLL  reference,  spurious  products  resulted  but 
were  removed  by  sharply  filtering  the  fine  tune  loop  output 

Switching  Speed 

The  PLL  must  settle  to  within  0.1  degree  of  final 
phase  in  less  than  60  psec  for  any  frequency  change.  This 
imposes  a  minimum  value  for  the  bandwidth. 


The  total  switching  time  Tj  of  the  loop  is  the  sum  of 
the  frequency  slew  time  Tp  and  the  phase  lock  in  time  T^ 


TT  -  Tp  +  T^ 


(10) 


The  frequency  discriminator  initially  slews  the  loop  to 
within  the  capture  range  where  the  loop  phase  lock-in 
transient  occurs.  The  rate  at  which  the  frequency  slew 
occurs  depends  on  the  average  pump  voltage  available  (taken 
to  be  Vp^).  For  the  active  loop  filter  shown  in  Figure  7, 
(second  order  loop) 


or 


AE0 


.-L  fvp 

C  j  2Rj 


dt 


2AE0  Ky 
Vp  Nw„2 


(ID 


(12) 


AEq  is  the  maximum  slew  voltage 


Vp  is  the  pump  voltage 


T1 


FqC  T2  =  R^C 


wn  =  loop  natural  frequency3 


KyKji 

NT] 


Vi 


(13) 


£  =  loop  damping  factor3 

-  MnT2 
2 

N  =  divide  ratio 

=  phase  detector  constant 
Ky  =  VCO  gain  constant 


(14) 


Figure  7.  Second  order  PLL 


The  time  to  acquire  phase  lock  when  the  PLL  output 
frequency  is  within  the  capture  range  is  given  by4 


K^KV  cos  655 


in 


"Hock 


N 


where 


7]ock  =  phase  error  at  time  T^  in  radians 


css 


•  -1  Aw _ 

Aw  capture 


for 


Aw  =  initial  frequency  offset 
Aw  =  Vi  Aw  capture 
cos  ess  =  0.86 


(15) 


(16) 
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With  the  loop  constants  set  by  the  noise  considerations 
to  give  a  loop  bandwidth  of  200  kHz 

co„  =  1.25  x  105  rads/sec 

^■<t>  =  0.4  volts/rad 

Ky  =  8.3  x  10’  rad  per  second/volt 

Tj  =  4.23  x  10'7  and  T2  =  1.1  x  10-6 

«  =  °-7  and  VP  =  2-5V  For  7lock  = 

From  Equation  (12)  Tp  =  5  psec 

(15)  =  24.5  psec 

(10)  Tt  =  29.5  psec. 

The  200  kHz  bandwidth  is  sufficient  to  satisfy  the 
phase  settling  requirement. 


Test  Results 


Test  results  for  the  first  LO  appearing  in  Figure  8 
indicate  a  settling  time  to  within  0.1  degree  of  final  phase 
in  <50  psec  for  any  step  frequency  up  to  a  maximum  of 
200  MHz  was  achieved.  Short  term  stability  AF/F  was 
measured  at  3  x  10'*®  for  a  1  m;ec  sample  time  and  300  kHz 
bandwidth.  The  improvement  factor  calculated  from  the 
single  sideband  noise  plot  is  55  dB  at  1  msec. 


SWITCHING  TIME  PHASE  DET  OUTPUT 


2  pmc/DIV  HOR  10  pwc/DIV 

AF  •  200  MHz  RMS  NOISE  -  0.1° 

VERT  0.3°/DIV 


o 

10 

M 

X 

40 

dBc  w 
*o 
» 

00 

00 

too 

no 


t0  -  1035.6  MHz,  BW  -  10  Hz 


SPECTRUM 


Figure  S.  First  LO  test  results 


S-BAND  EXCITER 


2nd  LO  and  COHO  Synthesizers 

The  second  LO  and  COHO  synthesizer  configurations 
are  similar  to  the  first  LO  phase  locked  loop  except  for  the 
down  converter.  The  noise  floors  for  both  are  below 
-120  dBc.  The  COHOs  operate  at  a  fixed  frequency  so 
that  the  loop  bandwidth  is  reduced  to  about  10  kHz  for 
improvement  factors  of  >65  dB. 

S-BAND  EXCITER 


The  table  summarizes  the  measured  performance  of  the 
S-Band  Exciter.  Full  frequency  coverage  of  3.1  to  359  GHz 
was  obtained  with  a  maximum  frequency  step  of  494  MHz 
and  a  minimum  step  of  517.8  kHz.  Parameters  -f  settling 
time  and  FM  noise  were  within  the  goals  nect3sary  to 
establish  an  MT1  improvement  factor  of  55  dB.  The  S-Band 
Exciter  block  diagram  appears  in  Figure  9. 


Parameters 

Frequency  Coverage 

Step  Size 

Minimum 

Maximum 

Switching  Time 

Short  Term  Stability  AF/F  for 
1  msec  Sampling  Time 

Power  Output 
Flatness  Over  Band 
Output  VSWR 
Pulsed  On-Off  Ratio 
Pulsewidth 
Phase  Code 
2  Spurious  Output 
S  MTI  Improvement  Factor 


Meaaured  Performance 
3102  to  3596  MHz 

617.8  kHz 
494  MHz 

<60  psec  to  within  0.1  degree  for 
a  maximum  step  of  500  MHz 

1.5  x  lO"10 
+10  dBm 
±1  dB 
1.6:1 
100  dB 

0.1  psec  to  100  psec 
180  ±3  degrees 
60  dB  down  from  carrier 
55  dB 
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BIPHASE 


Figure  9.  S-Band  exciter  block  diagram 


A  modular  approach  was  adapted  to  extend  the 
frequency  range  of  the  synthesizers  using  the  existing  L-Band 
Exciter  in  conjunction  with  an  S-Band  Synthesizer  and 
upconverter  to  implement  the  S-band  unit.  This  modular 
technique  minimized  the  number  of  new  designs  required 
and  allowed  a  frequency  extension  by  the  addition  of 
add-on  modules  to  the  basic  L-band  frequency  generator 
and  modulator. 

All  synthesizers  are  composed  of  phase  locked  loops 
coherently  tied  to  a  master  reference.  The  use  of  common 
programmable  dividers,  reference  dividers,  and  phase  detector 
on  thick  film  substrates  greatly  reduced  the  number  of 
different  substrates  used  throughout  the  exciter. 

The  L-Band  Exciter  provides  a  phase  coded  pulse 
modulated  signal  at  1215-1410  MHz  to  the  up-converter 
where  it  is  mixed  with  an  S-band  local  oscillator  to  generate 
the  3.1  to  3.6  GHz  output. 

The  up-converter  combines  the  L-band  phase  and  pulse 
coded  signal  with  the  S-band  LO  to  produce  the  3.1  to 
3.6  GHz  output. 

To  minimize  spurious  inband  signals,  the  500  MHz 
frequency  excursion  is  achieved  by  stepping  the  L-band  and 
S-band  synthesizer  over  the  bands  shown  in  Figure  9. 


The  103.5  MHz  reference  generates  a  narrow  pulse  to 
sample  the  RF  output  directly  at  2  GHz  in  the  phase  detec¬ 
tor.  This  comparison  technique  without  the  intervention  of 
digital  programmable  dividers  allows  for  a  wider  bandwidth 
loop  and  lower  roise  performance  than  is  possible  with  the 
standard  divider  feedback  configuration.  The  fast  switching 
time  and  low  noise  performance  is  gained,  however,  at  the 
expense  of  a  relatively  broad  frequency  step  size,  103.5  MHz. 

Since  the  sampling  phase  detector  has  no  frequency 
discrimination,  it  will  lock  up  at  harmonics  of  the  reference. 
A  D/A  converter  is  used  to  set  the  VCO  to  within  the 
desired  frequency  beat.  For  the  extreme  conditions  where 
the  frequency  offset  is  outside  the  loop  bandwidth,  a  fast 
sweep  is  initiated  to  bring  the  VCO  into  the  reference 
frequency  multiple  to  achieve  a  lock. 

The  total  time  to  acquire  lock  for  this  loop  T-p  is 

TT  =  Td  +  Ts  +  T0  (17) 

where 

Td  =  slew  time  with  the  D/A  preset  voltage 

Ts  =  slew  time  with  the  sweep  search 

T^  =  phase  lock-in  time  of  the  loop  within  the 
capture  range 

Td  =  5  psec  Ts  =  15  psec. 


S-BAND  SYNTHESIZER 

The  S-Band  Synthesizer  generates  the  wide  step  fast 
hopping  1.8  to  2.17  GHz  signal  to  up-convert  the  L-band 
output  to  the  3.1  to  3.6  GHz  range. 


For  the  loop  constants 


KV  = 

2.8  x  108 

<on  =  18.8  x  106 

K0  = 

1.27 

N  =  1 

€ss 

0.86 

y  =  0.1/57.3 

To  achieve  low  noise  performance  and  wide  bandwidth,  from  Equation  (15) 
a  circuit  using  a  sampling  phase  detector  was  employed  as 

shown  in  the  block  diagram  of  Figure  10.  =  0.045  psec 
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FREQUENCY 

PROGRAM 


Figure  10.  S-Band  PLL  synthesizer 


therefore 

Tf  =  20  psec. 

S-Band  Synthesizer  Performance 

The  phase  noise  output  of  the  S-Band  Synthesizer  was 
evaluated  by  measuring  the  fractional  frequency  deviation, 
AF/F,  and  by  performing  single  sideband  noise  measurements 

The  measured  AF/F  versus  sampling  time  of  the 
synthesizer  appears  in  Figure  1 1  for  300  kHz  and  3  MHz 
measurement  bandwidths.  Figure  1 1  shows  that  the  short 
term  stability  of  the  S-band  unit  is  superior  to  that  of  the 
L-band  PLL.  This  lower  noise  level  is  confirmed  by  the 


Figure  I!  S-Dartd  synthesizer  (fractional  frequency 
deviation  us  sampling  time) 


plot  of  the  measured  single  sideband  noise  versus  earner 
offset  frequency  appearing  in' Figure  12.  This  noise  floor 
level  is  about  8  dB  lower  than  tor  tne  L-Dand  synthesizer 
output.  This  curve  also  shows  the  relative  contribution  of 
the  measured  S-band  VCO  and  the  estimated  multiplied 
reference  noise. 


Figure  12.  S-6and  synthesizer  (single  sideband  noise  vs 
offset  frequency) 

The  improvement  factor  calculated  from  the  single 
sideband  noise  for  the  S-Band  Synthesizer  was  56  dB. 

The  switching  total  time  to  less  than  0.1  degree  phase 
was  measured  at  30  psec.  This  is  the  worst  case  when  the 
offsets  are  such  that  fast  sweep  is  initiated  to  bring  the 
VCO  to  within  the  loop  capture  range. 
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THICK  FILM  HYBRIDS 


The  exciter  was  constructed  entirely  using  thick  and 
thin  film  hybrids  and  microwave  integrated  circuit  tech¬ 
nology  The  result  was  improved  performance,  improved 
MTBF,  and  reduced  size,  weight  and  power. 

A  photograph  of  the  complete  L-Band  Exciter  showing 
the  1st  LO,  2nd  LO  and  COHO,  and  the  up-converter 
appears  in  Figure  13. 


Figure  13.  The  complete  L-Band  Exciter 


The  phase  locked  loops  use  common  thick  film 
programmable  dividers  operating  up  to  600  MHz;  common 
phase  detectors,  loop  filters  and  reference  dividers. 

An  example  of  a  thick  film  substrate  utilizing  chip 
carrier  integrated  circuits  appears  in  the  photo  of  the 
reference  divider  (Figure  14). 


Figure  14.  Reference  dirider  with  1C  chip  ctnien 


The  integrated  circuits  are  packaged  and  pretested  as 
leadless  chip  carriers  and  are  than  assembled  on  the 
substrates  and  reflow  soldered. 

These  substrates  are  interconnected  with  other  modules 
such  as  isolators,  filter,  mixers  to  form  a  complete  assembly 
using  SMA  connectors  for  signal  leads  and  feedthrough 
filters  for  power  and  programming  leads. 

A  typical  assembly  is  the  fine  tune  loop  synthesizer 
appearing  in  Figure  15.  This  module  contains  the  VCO, 
programmable  and  reference  dividers,  phase  detector  loop 
filter  substrates,  as  well  as  built-in  power  regulators  and 
self-test  circuits. 
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CONCLUSIONS 

The  overall  measured  performance  of  the  exciters 
indicate  successful  acheivement  of  the  following  key  goals 
for  radars. 

1 .  Fully  coherent,  fast  switching  frequency  generation, 
<60  pscc  settling  to  0.1  degree  phase. 

2  High  MTI  improvement  factor  >55  dB  (low  phase 
noise). 

3.  High  degree  of  electrical  and  mechanical  design 
commonality  (phase  locked  loops,  microwave 
integrated  circuits  (MIC)). 

4.  High  reliability  (thick/thin  hybrid  film  technology). 
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ABSTRACT 

Microwave  synthesizers  are  being  developed 
to  meet  specific  requirements.  In  this  paper  it  is 
shown  that  a  microwave  synthesizer  can  be  built 
embodying  rapid,  broadband  tuning,  accuracy  and 
resolution  to  institute  doppler  correction,  spectral 
purity  for  low  data  rate  transmission,  remote 
control,  and  be  small  in  size  for  airborne  opera¬ 
tion.  The  work  discuss  ad  here  is  directly  adapt¬ 
able  to  any  band  of  communication,  radar,  etc. 
Various  disciplines  in  the  field  of  frequency  gen¬ 
eration  are  brought  together  in  the  design  of  the 
microwave  synthesizer. 

The  paper  is  composed  of  two  parts;  the 
first  part  details  the  system  approach  and  the 
second  presents  the  results  obtained  and  a  review 
of  the  hardware. 


INTRODUCTION 

Microwave  synthesizers  have  been  devel¬ 
oped  to  meet  the  diverse  requirements  of  various 
radio  communication  systems.  The  development 
of  the  local  oscillator  chains  has  p-ogressed  from 
fixed  frequency  generators  to  agile  frequency  gen¬ 
erators  capable  of  rapid  tuning  pseudo- randomly 
to  meet  the  present  day  jamming  scenerios.  This 
technology  applies  not  only  to  communication 
links,  but  is  expandable  to  radars,  etc.  This 
paper  will  discuss  the  ongoing  work  in  this  area. 
The  synthesizer  itself  has  many  features: 

•  carrier  frequency 

•  tuning  bandwidth 

•  accuracy  and  resolution 

•  remote  control 

•  spectral  purity 

•  size 

The  work  has  been  adapted  to  several  programs 
having  such  a  large  set  of  requirements: 

•  Ka/Q-band  airborne-satellite  link 

•  15  GHz  line-of-sight  radio 

•  SHF/EHF  Airborne-satellite  system 

*The  work  reported  here  was  sponsored  in  part  b\, 
Raytheon  Company  and  in  part  by  AFAL  under 
contract  F33615-73-C-4036. 


SYSTEM  CONFIGURATION  FOR  USEAGE  OF 
SYNTHESIZER 

Figure  1  illustrates  the  utilization  of  the 
synthesizer  in  the  terminal.  All  frequencies  re¬ 
quired  for  the  operation  of  the  terminal  are  de¬ 
rived  from  a  Rubidium  standard.  All  channel 
frequency  selections  are  entered  at  the  Remote 
Control  Unit,  processed  by  the  Frequency /Termi¬ 
nal  Control  Unit,  and  routed  to  the  Exciter/Re¬ 
ceivers  where  the  microwave  synthesizers  reside. 
The  frequency  generation  subsystem  (see  Figure 
2  for  the  microwave  synthesizer)  maintains  the 
channel  frequency  with  exceptionally  high  spectral 
purity  and  accuracy.  These  two  requirements  are 
necessitated  by  injection  of  doppler  in  the  system, 
low  data  rates  used  for  transmission  of  informa¬ 
tion,  and  by  the  high  carrier  frequency  of  trans¬ 
mission/  reception. 

Thus,  in  a  system  such  as  this,  the  micro- 
wave  synthesizer  must  accept  commands  that  in¬ 
clude  channel  selection,  doppler  information, 
and/or  fast  updates.  It  must  be  capable  of  co¬ 
herency  over  a  limited  range  for  doppler  updates 
in  a  fixed  channel  airborne  operation.  It  must  be 
capable  of  switching  and  settling  at  high  speeds 
with  the  application  of  pseudo-random  frequency 
selection  (plus  doppler). 

FREQUENCY  SYNTHESIZER 

The  frequency  generation  subs>.fem  is 
illustrated  in  the  block  diagram  in  Figure  2.  All 
of  the  basic  ingredients  of  a  tuneable  microwave 
synthesizer  are  included: 

•  a  Rubidium  standard  and  fixed  frequency 
synthesizer  to  form  the  high  spectral 
purity  of  the  reference  signal 

•  a  frequency  control  unit  to  accept  serial 
frequency  control  words  and  convert  to 
parallel 

•  two  digitally  programmable  tuned  syn¬ 
thesizers 

coarse  synthesizer,  step  size  of 
4  MHz 

-  fine  synthesizer,  2-6  MHz  tuning 
range  with  minimum  step  size  of 
0.  09  Hz 

•  microwave  phase  lock  loop  including 
necessary  high  speed  acquisition  cir¬ 
cuitry. 
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The  desired  output  frequency  and  tuning  bandwidth 
to  meet  a  specific  retirement  is  determined  by! 

F  =  F  +  F,  +  M*  F  (1) 

o  r  f  c  ' 

where 

F  is  the  reference  frequency  of  100*  N 
r  MHz, 

F^  is  the  fine  frequency, 

Fc  is  the  coarse  frequency, 

and 

M  is  the  microwave  PLL  multiplicative 
factor. 


Proton  (0-2  MHz).  The  microwave  synthesizer 
reported  here  contains  a  digital  frequency  synthe¬ 
sizer  constructed  entirely  of  emitter  coupled  logic 
(ECL)  for  their  speed. 

In  the  overall  system  design  of  the  micro- 
wave  synthesizer,  one  must  look  at  the  total  re¬ 
quirements;  i.  e. ,  spurious  requirements,  size, 
etc.  The  use  of  the  image  reject  mixer  to  inject 
the  fine  synthesizer  frequency  into  the  feedback 
path  of  the  PLL  does  not  enhance  the  spurious 
level  of  the  fine  digital  synthesizer  through  the 
PLL.  The  loop  rejection  characteristics  will  re¬ 
duce  any  sidebands  as  a  result  of  the  mixing  in  the 
image  reject  mixer.  Thus  injection  of  the  fine 
synthesizer  at  this  point  creates  spurious  at  the 
output  related  only  by: 


Note  the  tuning  bandwidth  is  set  by: 

BW  =  F,  +  M*  F  (2) 

This  approach  has  been  directed  at  mini- 
mumization  of  the  hardware  but  still  perform  the 
desired  function.  Such  things  as  using  the  avail¬ 
able  100  MHz  reference,  5  MHz,  and  the  tune- 
ability  of  the  two  synthesizers  is  an  example. 

Reference  Generator 


For  this  type  of  synthesizer,  the  reference 
generator  provides  the  high  spectral  purity  re¬ 
quired  of  the  local  oscillator.  The  Rubidium 
standard,  the  100  MHz  VCXO,  and  the  multiplier 
make  up  the  reference  generator.  As  noted  by 
equation  (1),  any  output  frequency  can  be  selected 
by  selecting  N  appropriately  during  the  initial 
design. 

Figure  3  illustrates  the  phase  noise  as  pre¬ 
dicted  and  measured  for  the  reference.  The  low 
noise  quartz  oscillators  used  in  the  Rubidium 
standard  have  been  measured  at  the  National 
Bureau  of  Standards  at  Boulder,  Colorado,  and  is 
displayed  on  Figure  3.  The  prediction  for  the 
VCXO  and  xM  multiplier  is  included  since  they 
enhance  the  phase  noise  by  20  Log  N.  To  ensure 
the  VCXO  locking  and  tracking  over  a  -55°C  to 
+75°C  temperature  range,  the  loop  bandwidth  is 
set  at  1  kHz.  For  low  data  rate  transmission  of 
PSK  data,  the  phase  noise  close  to  the  generated 
carrier  is  of  great  concern.  Improving  the  phase 
noise  is  approaching  the  limit.  Work  by  Efratom 
and  Austron  shows  that  some  difficulty  still  exists 
in  obtaining  low  noise  crystals  for  the  oscillators. 
The  yield  of  good,  low  noise  crystals  is  very  low. 
With  the  requirement  of  0.  05  radians  (3  degrees) 
of  integrated  phase  noise  from  1  Hz  to  150  Hz 
from  the  carrier,  measurements  indicate  a  value 
of  approximately  0.  02  -  0.  03  radians. 

Fine  Synthesizer 

Different  configurations  of  digital  synthe¬ 
sizers  have  been  reported  in  the  literature  (1) 
designed  around  TTL  (0-2  MHz)  and  lightly  men¬ 
tioning  possibilities  of  higher  frequency  operation 
(upper  limit  of  12  MHz).  There  are  two  commer¬ 
cially  available  TTL  digital  frequency  synthe¬ 
sizers;  one  by  Rockland  (0-3  MHz)  and  another  by 


(1 )  the  spurious  level  on  the  fine  fre¬ 
quency,  and 

(2)  the  rejection  of  the  loop  of  the  signal 
out  of  the  image  reject  mixer. 


One  would  like  to  use  a  digital  synthesizer 
capable  of  operating  over  a  5-15  MHz  range;  while 
keeping  the  coarse  synthesizer  simple  (minimum 
number  of  tones,  large  separation).  Detailed 
analysis,  coupled  with  experience  gained  in  an¬ 
other  division  of  Raytheon  showed  that  a  practical 
digital  synthesizer  could  be  built  to  operate  from 
2  to  6  MHz  using  available  ECL  components  and 
limited  mainly  by  aliasing  or  foldback  frequency 
from  the  clock.  The  final  fine  frequency  synthe¬ 
sizer  has  the  following  operating  characteristics: 


•  frequency  range 

•  resolution 

•  spurious 

•  power  requirement 


2-6  MHz 
0.  09  Hz 

better  than  -60  dBc 
50  watts 


In  actuality,  the  synthesizer  will  operate  down  to 
0  MHz,  but  due  to  a  100-200  kHz  microwave  PLL 
bandwidth  and  spurious  requirements,  the  lower 
operating  frequency  is  chosen  at  2  MHz.  It  shou’d 
be  noted  that  the  low  spurious  obtained  is  a  result 
of  the  design  in  using  separate  analog  and  digital 
grounds,  use  of  multilayered  printed  wiring 
boards  and  attention  to  placement  of  layers  and 
the  use  of  microstrip  for  RF  signals. 

In  addition,  the  fine  frequency  synthesizer 
has  sufficient  tuning  range  outside  the  2-6  MHz 
range  to  allow  for  overlap. 


Coarse  Synthesizer 

Having  selected  an  operating  range  for  the 
fine  synthesizer  (AF  =  2-6  MHz)  also  determines 
the  separation  of  tones  required  of  a  coarse  syn¬ 
thesizer.  Depending  on  the  division  factor  in  the 
microwave  synthesizer  feedback  loop,  the  tone 
separation  will  be: 


X  =  4-  MHz 
M 


(3) 
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The  number  of  selectable  tones  will  be  set  by  the 
desired  output  tuning  bandwidth  divided  by  the  fine 
frequency  tuning  range: 

Q  -  -4-  tones  (4) 

Having  determined  the  number  of  tones,  an  opti¬ 
mum  circuit  design  is  chosen  to  minimize  the  - 
hardware.  The  coarse  synthesizer  consists  of 
generating  a  comb  (using  the  100  MHz  reference 
appropriately),  using  a  bank  of  monolithic  crystal 
filters,  and  ECL  devices  to  select  frequencies. 
Broadband  image  reject  mixers  combine  the  se¬ 
lected  frequencies  to  produce  an  output.  Separa¬ 
tion  of  spurious  components  are  such  that  the  PLL 
reduces  them  to  an  acceptable  level  at  the  micro- 
wave  PLL  output.  The  critical  elements  in  the 
coarse  synthesizer  are  monolithic  crystal  filters 
and  the  image  reject  mixers.  Improper  filter 
layout  will  degrade  comb  rejection. 

Microwave  Synthesizer  -  PLL 

The  basic  microwave  synthesizer  PLL  as 
shown  in  Figure  2  is  the  second  or<jer  loop  with 
special  coarse  acquisition  circuitry.  The  VCO  is 
capable  of  tuning  over  a  board  band  having  a  fine 
loop  bandwidth  of  100-200  kHz  under  lock  condi¬ 
tions. 

To  meet  the  fast  acquisition  requirements  of 
the  project,  special  consideration  was  given  to  the 
design  of  the  microwave  PLL,  and  the  acquisition 
circuitry  and  to  their  interaction.  Timing  circuits 
make  decisions  in  tim°s  less  than  a  microsecond. 
The  VCO  is  capable  ol  large  steps  (full  bandwidth) 
in  less  than  0.5  microseconds.  No  linearization 
circuitry  is  used  (eliminating  20-30  dB  from  VCO 
free  running  noise).  Temperature  has  no  effect 
on  the  ability  of  the  loop  to  tune  the  VCO  near  en¬ 
ough  for  acquisition.  The  successive  approxima¬ 
tion  approach  is  used  for  the  fastest  means  to 
coarsely  tuning  the  VCO  to  within  locking  range  of 
the  fine  loop.  During  the  acquisition  process, 
time  to  determine  the  appropriate  timing  process 
is  gated  by  the  beat  note  between  where  the  VCO 
has  been  set  and  the  desired  frequency.  Thus 
coarse  and  fine  acquisition  time  is  a  summation 
of  the  preset  time,  the  successive  approximation, 
and  final  fine  loop  locking  time: 


^acq  "  ^preset  +  ^  (  fa. —  fb.  )*  ^fine  (5) 
i=l'  1  loop 

The  total  time  to  acquire  is  variable;  depending  on 
how  close  the  coarse  tuning  voltage  places  the 
VCO  such  that  Fa-Ffc  is  small  or  large.  Thus 
acquisition  time  can  be  as  little  as  20  microsec¬ 
onds  up  to  tens  of  microseconds. 


Due  to  tuning  sensitivity  of  the  VCO,  special 
attention  is  given  to  power  supply  ripple,  ground 
loops,  etc.  Post  tuning  drift  (PTD)  of  the  VCO 
effects  the  acquisition  process  and  must  be  mini¬ 
mized;  acceptable  PTD  of  1  MHz  after  1000  mi¬ 
croseconds  have  been  obtained. 

SYNTHESIZER  PERFORMANCE 

A  synthesizer  of  this  type  has  to  rank  its 
performance  against  the  requirements.  Band¬ 
width,  center  frequency,  and  output  power  are 
easily  obtainable.  This  leaves  two  very  important 
specifications;  phase-noise  and  speed  of  acquisi¬ 
tion.  Figure  3  illustrates  data  taken  with  the  syn¬ 
thesizer.  Data  taken  close  to  the  carrier,  0.  2  to 
10  Hz,  is  measured  via  the  HP- 5390  Frequency 
Analysis  System.  From  10  Hz  to  10  kHz,  a  Modi¬ 
fied  HP-302  with  1  Hz  bandwidth  is  used.  From 
10  kHz  to  1  MHz,  the  spectrum  analyzer  is  used. 
The  integrated  phase  noise  from  1  Hz  to  150  Hz  is 
that  of  the  reference;  approximately  0.  03  radian. 
All  spurious  levels  are  below  -60  dBC  at  any  point 
in  the  band.  As  far  as  switching  speed,  an  oper¬ 
ator  may  take  one-half  a  minute  (less  than  one 
microsecond  for  per-programmed  pseudo- random 
frequency  selection)  to  load  in  a  request  for  a  new 
frequency.  It  will  take  one  microsecond  to  relay 
this  information  to  the  microwave  synthesizer 
which  in  turn  will  take  tens  of  microseconds  to 
lock  to  a  new  frequency. 
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ABSTRACT 

A  technique  for  the  direct  digital  generation 
of  linear  FM  waveforms  with  up  to  900  MHz  bandwidth  and 
T-B  products  to  450,000  is  presented.  The  technique  is 
applicable  to  high  resolution  Synthetic  Aperture 
Radars,  and  to  target  identification  and  target  count 
modes  in  multimode  airborne  radars.  Origins  of  repre¬ 
sentative  system  requirements  are  outlined,  mechaniz¬ 
ation  details  are  described,  and  testing  methods  and 
results  showing  waveforms  of  excellent  coherence  and 
fidelity  are  presented. 

I.  INTRODUCTION 

The  Synthetic  Aperture  Radar  (SAR)  mode  in  modern, 
multimode  airborne  radars  requires  broadband  microwave 
signals  to  measure  range  profiles  of  targets  of  inter¬ 
est  and  opportunity.  Regardless  of  waveform  format, 
range  resolution  RR  requires  transmitted  bandwidth  B 

of  at  least  B  =  aC/2RR,  where  C  is  the  propagation 

velocity  of  light  and  a  is  a  constant  (usually  1  to 
1.2)  related  to  signal  processing  weighting. 

Systems  utilizing  large  signal  bandwidths  may 

utilize  "stretch"  waveforms  as  described  by  Caputi1 
to  reduce  IF  and  signal  processing  bandwidths  by 
transmitting  waveforms  of  duration  longer  than  the 
range  swath  collection  time.  Stretch  systems  can 
require  waveforms  of  900  MHz  bandwidth  and  500  psec 
duration. 

The  system  time-bandwidth  product  TB  is  thus 

12 

450,000  and  the  waveform  slope  k  is  1.8  x  10  Hz/ 
second. 

Linear  FM  waveforms  of  very  large  time-bandwidth 
product  (greater  than  10,000)  are  difficult  to  generate 
using  passive  techniques.  The  survey  by  Godfrey,  et 

a  1 , 2  shows  that  surface  wave  devices  are  not  now 
practical  for  such  applications,  although  tremendous 
advances  are  being  made  in  that  area.  In  addition, 
passive  techniques  generally  provide  one  waveform  slope 
per  device,  requiring  a  line  or  line  pair  for  each 
slope  in  a  multi-slope  system.  These  considerations,  i 
plus  the  fact  that  modern  radars  already  use  frequency  | 
synthesizers  to  generate  a  large  number  of  microwave 
channels,  make  it  practical  to  consider  the  use  of 
active  techniques  to  generate  linear  FM  waveforms  of 
very  large  time-bandwidth  product  selected  from  a  large 
number  of  available  slopes.  We  present  here  a  tech¬ 


nique  wherein  an  ordinary  phase-locked  synthesizer  can 
be  adapted  to  the  generation  of  such  waveforms  with 
exceptionally  good  fidelity  and  coherence.  The  method¬ 
ology  is  particularly  well  suited  to  the  introduction 
of  high  resolution  capability  into  multi -mode  airborne 
radars  since  it  requires  only  moderate  changes  to 
hardware  which  often  already  exists  in  such  systems. 

II.  WAVEFORM  REQUIREMENTS 

The  "stretch"  radar  is  a  convenient  means  of 
realizing  range  resolution  without  carrying  commen- 
surately  wideband  signals  through  the  receiver,  A/D 
converters,  and  signal  processor.  Such  signals  are 
,difficult  to  handle,  at  best.  Stretch  systems,  how¬ 
ever,  utilize  RF  bandwidth  commensurate  with  the 
required  range  resolution,  but  require  signal  pro¬ 
cessing  bandwidths  of  perhaps  a  few  tens  of  MHz.  A 
linear  FM  waveform  of  bandwidth  B  and  duration  T  is 
transmitted  and  a  similar  waveform  delayed  by  nominal 
round  trip  time  TRT  is  used  as  a  correlation  wave¬ 
form  at  the  receiver  first  L0.  -We  assume  that  TRj  > 

T,  although  this  need  not  be  true  for  certain  classes 
of  systems.  Received  signals  from  many  ranges  are 
down-converted  by  the  swept  L0  to  form  an  intermediate 
frequency  which  is  proportional  to  range.  Returns  from 
the  "nominal"  range  of  interest  fall  at  the  center  of 
the  IF.  The  IF  bandwidth  is  Bj,  thus  passing  only 

signals  from  a  limited  range  swath  Tg.  These 

quantities  are  related  as: 

B/T  =  Bj/Ts 

Waveform  Linearity  Considerations 

Low  order  (quadratic)  frequency  errors  degrade 
range  resolution  by  smearing  the  return  over  a  number 
of  range  cells.  The  low  order  waveform  nonlinearity 
can  be  expressed  as: 

F(t)  =  Bt/T  +  BEt2/T2 

The  waveform  from  some  point  in  the  range  swath  is 
delayed  from  this  by  Tp.  Its  frequency  is: 

F(t  -  TQ)  =  B(t  -  Td)/T  +  BE(t  -  Td)2/T2 

Their  difference  is  time  dependent  and  can  move  across 
a  number  of  range  filters  of  width  1/T.  To  restrict 
this  to  1/2  range  cell  requires  that: 
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Be  <  1/4  Td 

High  order  non-linearities  in  the  FM  waveform 
result  in  undesireable  range  sidelobes  on  strong  radar 
returns.  These  appear  on  the  imagery  as  faint  repro¬ 
ductions  of  the  strong  returns  at  other  ranges.  The 
effect  is  quantized  as  follows: 

The  correlation  (LO)  waveform  can  be  represented 
by: 

F(t)  «  Bt/T  +  £  FE(n)  cos  (2irnt/T  + 
n 

where  F E ( n )  is  the  nth  Fourier  coefficient  of  fre¬ 
quency  nonlinearity,  and  t  is  time  from  the  initiation 
of  the  correlation  waveform.  If  an  exact  replica  of 
this  waveform  has  been  transmitted  and  is  being  re¬ 
ceived  at  time  TQ  relative  to  nominal  round  trip 

time,  the  IF  signal  is  composed  of  a  carrier  offset 
from  the  nominal  IF  frequency  by  (B  x  TQ/T  Hz),  with 

phase  sideband  pairs  each  of  which  is  below  the 
carrier  by  10  Log  DR(n). 

°R{n)  "  SIN  [™  VT]]2 

DR(n)  is  the  n'th  order  range  sidelobe,  and: 


-V2  £  td  i  V2 

For  low  order  (n  <  T/n  TQ)  nonlinearities  and  returns 

from  the  edge  of  the  range  swath,  the  waveform  linear¬ 
ity  requirement  is  found  to  be: 

Fe  -  2  »„>/*  /  ,  Tsw 

Phase  Noise  Considerat  ons 

Discrete  range  sidelobes  can  be  caused  by  waveform 
phase  noise  as  observed  in  matched  filter  bandwidth 
1/T.  The  spectral  density  requirement  is  then: 

1(f)  =  DT,  f  >  1/2T 

The  integrated  noise  requirement  arises  from 
the  fact  that  in  the  ground  mapping  application, 
the  contrast  between  contiguous  regions  of  strong  and 
weak  radar  backscatter  is  degraded  by  the  total  (inte¬ 
grated)  phase  noise.  This  requires  that  the  two-sided 
noise  power  be  less  than  some  value  IR,  which  can  be 

expressed  as: 

IR  a  2  f L(f)  df 

If  the  phase  noise  consists  of  a  white  floor  LR  ob¬ 
served  through  servo  bandwidth  fL,  the  integrated 
noise  requirement  is  satisfied  when: 

L(f)  =  Ip/irf, 


In  this  case,  the  integrated  noise  consideration 
imposes  a  less  severe  phase  noise  floor  requirement 
than  does  the  discrete  noise.  It  is  not  unusual, 
however,  for  the  opposite  to  be  true. 

These  considerations  impose  phase  noise  floor 
requirements  on  any  stable  source  used  as  the  waveform 
reference.  In  addition,  if  the  waveform  is  generated 
by  a  tuned  oscillator  controlled  by  servo  bandwidth 
fL,  these  considerations  determine  the  VCO  phase 

noise  at  modulation  rate  f^. 

Range  information  is  determined  by  observing  a 
single  pulse  of  width  T.  Azimuth  information  is 
determined  by  observing  many  pulses  over  integration 
period  T.,  ranging  from  a  few  milliseconds  to  many 

seconds  depending  on  aircraft  velocity,  range,  geom¬ 
etry,  and  resolution.  Low  frequency  stability  required 
for  discrete  and  integrated  azimuth  sidelobes  is 
computed  using  the  same  considerations  as  for  range, 
except  that  round  trip  time  is  used  instead  of  range 
swath,  and  integration  time  is  used  instead  of  pulse 
width. 

III.  WAVEFORM  SYNTHESIS 

The  1 iterature3’^’5,6  describes  various  means 
of  generating  wideband  linear  FM  waveforms  of  large  T-B 
product.  These  generally  involve  either  sampling 
linearizers  or  delay  line  linearizers.  Both  are 
capable  of  good  performance  under  certain  conditions 
but  neither,  due  to  servo  bandwidth  and  microwave 
component  limitations,  provides  adequate  waveform 
linearity  for  good  range  sidelobe  performance  in 
systems  with  large  range  swath.  In  addition,  neither 
method  easily  provides  the  large  number  of  waveform 
slopes  which  are  desirable  for  certain  multi-mode 
systems. 

Westinghouse  has  expended  considerable  effort 
toward  the  development  of  direct  digital  generation  of 
wideband  linear  FM  waveforms,  resulting  in  the  simple 
but  exceptionally  versatile  methodology  shown  in  Figure 
1.  Described  in  U.S.  Patent  4,160,958,  the  approach 
consists  of  a  stable  source  whose  phase  is  set  by 
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a  binary  phaser,  and  a  tuned  oscillator  (VCO)  which  is 
locked  to  the  phased  source  via  a  sampled  phase-lock 
loop.  The  instantaneous  phase  of  the  desired  linear  FM 
waveform  is  computed  by  a  Differential  Data  Analyzer 
(DDA),  a  common  digital  computer  element,  which  drives 
the  phaser  through  the  desired  progression.  A  balanced 
mixer  compares  the  phase  of  the  VCO  to  that  digitally 
generated.  The  difference  is  sampled,  forming  the  error 
signal  for  the  wideband  phase-lock  loop.  The  VCO  acts 
as  a  smoothing  filter  and  reproduces  the  desired 
waveform.  The  computation  is  performed  and  the  phaser 
updated  at  rate  F  ,  typically  30  MHz.  Since  we  wish 

to  generate  waveforms  of  900  MHz  bandwidth,  the  sample 
aperture  must  be  less  than  200  picoseconds.  The  phaser 
spectrum  of  bandwidth  F  is  impulse  sampled  at  rate 
F  ,  causing  the  phaser  spectrum  to  be  reproduced 

continuously  over  the  large  bandwidth  determined  by 
the  narrow  sample  pulse.  The  30  MHz  phaser  update  rate 
serves  the  entire  900  MHz  desired  waveform  bandwidth. 

As  described  in  Figure  2,  the  phase  computa- 
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tion  is  performed  by  a  cascade  of  DDA  stages  whose 
function  is  described  by: 

Wu(1  +  1)  =  Wu(1)  +  Mul(1) 

where  wu(i)  is  the  output  of  the  u'th  stage  after 
the  i'th  pulse  of  clock  rate  F$.  We  use  two  stages 

of  N  parallel  bits  for  linear  FM  of  slope  k,  whose 
phase  progression  is: 

=  2ttsi  /2r< 

The  DDA  output  to  the  phaser  is  W2(i),  where 
W2(1)  =  si*2 

Then:  Wj(i)  =  Wg(i  +  1)  -  W2(i)  =  2Si  +  S 
and:  WQ(i)  =  W^i  +  1)  -  W^i)  =  2S 

S  is  the  slope  designator.  The  resultant  phase 
progression  is  2rtW2(i)/2N  or: 

»,o-2*kiV 

Then:  k  =  SFs2/2N_1 


The  desired  slopes  k  may  be  realized  by  the  appropriate 
choice  of  Fs  and  N  which  can  be  fixed  within  a  system, 

and  by  the  selection  of  slope  number  S  which  can  be 
under  system  software  control  and  selectable  from  a 
large  number  of  values.  For  example,  with  IS  bits,  30 
MHz  sampling  rate  and  1024  selections,  one  can  choose 
any  slope  up  to  28  MHz/usec  in  0.027  MHz/usec  steps. 
This  should  be  an  adequate  selection  for  most  radar 
system  designer,,.  The  16  bit  DDA  in  this  example 
represents  a  moderate  amount  of  digital  hardware.  The 
accompanying  16  bit  phaser  is,  however,  more  difficult. 
In  practice,  the  16  digital  bits  are  truncated  to  seven 
phaser  bits,  whicli  is  consistent  with  -40  dB  range 
sidelobes.  The  16  digital  bits  are  necessary  to 
achieve  the  slope  resolution.  Only  seven  of  these  are 
actually  connected  to  a  phaser.  The  remaining  ninp  are 
considered  "fractional"  bits  and  are  necessary  for 
computational  purposes. 


The  seven  bit  phasor  (Figure  3)  is  an  array  of 
quadrature  hybrids  with  individual  PIN  diode  reflection 
elements.  Bit  size  is  determined  by  coupled  line 
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transformers  which  also  serve  as  DC  blocks,  '.viators 
between  bits  and  on  input  and  output  reduce  cross-talk 
to  levels  necessary  for  seven  bit  accuracy.  RMS  phase 
error  is  about  0.47  degrees  and  switching  speed  is 
about  1.8  nanoseconds.  The  diode  drivers,  Optimax 
DS07,  were  found  to  exhibit  excellent  switching  speed 
when  used  in  combination  with  high  speed  PIN  diodes. 

The  VCO^  (Figure  4)  consists  of  a  silicon  bipolar 
transistor  oscillator  with  GaAs  hyperabrupt  tuning 

diode,  followed  by  a  FET  power  amplifier.  Including 
the  power  amplifier  within  the  linearizing  servo  loop 
eliminates  the  need  for  low  order  amplifier  phase 
linearity,  although  amplitude  flatness  remains  im¬ 
portant. 

Typical  low  order  VCO  nonlinearity  is  about  5  MHz, 
while  the  system  requirement  is  about  500  Hz.  The  gain 
required  is  then  simply  5  MHz/500  Hz  or  80  dB  at  video 
frequency  1/T.  This  calls  for  a  Type  III  servo  with 
several  MHz  bandwidth,  which  is  the  reason  for  choosing 
such  a  high  (30  MHz)  sampling  rate. 
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Waveform  linearity  and  coherence  is  measured 
by  cross-correlating  two  similar  units,  with  selectable 
time  delay  to  detect  any  correlated  nonlinearity.  The 
resulting  amplitude  and  phase  error  data  is  analyzed 
using  a  Discrete  Fourier  Transform.  If  A(J)  and  0(J) 
are  the  amplitude  and  phase  error  functions,  the 
impulse  response  is  calculated  from: 

Ftk)  .£a(J>  m 

W(J )  is  the  Hamming  weighting  function.  Figures  5  and 
6  are  representative  phase  errors  and  their  resultant 
impulse  response,  which  is  adequate  for  most  mapping 
systems. 
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CONCLUSIONS 

Digital  generation  of  linear  FM  waveforms  of  large 
bandwidth  and  T-B  product  has  been  successfully  demon¬ 
strated,  with  performance  and  versatility  for  high 
resolution  mapping  radars  and  other  applications.  The 

technique  uses  readily  reproduced  microwave  hardware 
whose  requirements  are  not  difficult  to  achieve. 
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Abstract  Introduction 


A  SAW  stabilized  oscillator  circuit  has  re¬ 
cently  been  designed  and  breadboarded  to  provide 
300  ppm  frequency  stability  over  a  -70°C  to  +70°C 
environment  in  the  frequency  band  from  1660  to 
1700  MHz.  The  circuit  transmits  0.5  watt  output 
power,  provides  both  AM  and  FM  capability,  and  is 
frequency  selectable  to  +50  kHz.  The  circuit  con¬ 
sists  of  two  functional  modules;  a  SAW  oscillator 
module  consisting  of  a  loop  amplifier,  a  tuned 
phase  shifter  and  a  four-channel  SAW  delay  line 
which  operates  at  1/3  the  output  frequency,  and  a 
frequency  multi  pi ier/power  amplifier  module.  The 
prototype  development  was  implemented  using  low- 
cost  circuit  board  techniques  conducive  to  future 
large  volume  production.  Design  and  performance 
detai's  are  provided. 

Summary 


By  the  late  1980s  the  design  of  radiosondes 
used  by  the  US  Army  must  be  significantly  improved 
both  to  Increase  frequency  stability  and  to  incor¬ 
porate  frequency  modulation.  The  current  design 
uses  a  free-running,  amplitude-modulated,  transis¬ 
tor  oscillator.  The  instability  of  the  oscillator 
limits  the  number  of  sondes  which  can  be  used  in  a 
given  area  without  Interference.  It  is  expected 
that  future  applications  will  require  300  ppm  fre¬ 
quency  stability  over  a  -70°C  to  +70°C  environment. 
In  addition,  the  circuits  will  be  required  to 
transmit  ,5W  over  the  1660-1700  MHz  band,  and  be 
capable  of  both  pulse  amplitude  modulation  and  fre¬ 
quency  modulation.  The  required  performance  is 
summarized  in  Table  1. 

Table  1 

OSCILLATOR  REQUIREMENTS 


To  meet  the  requirements  of  meteorological 
radiosondes  used  by  the  US  Army  in  the  near  future, 
a  SAW  stabilized,  microwave  oscillator  providing 
.5W  RF  power  from  1660  to  1700  MHz  has  been  devel¬ 
oped.  The  circuit  was  designed  to  provide  a  signi¬ 
ficant  improvement  in  frequency  stability  so  chat 
more  sondes  can  be  used  in  a  given  are?  without 
interference.  The  high  Q  of  the  surface  acoustic 
wave  device  and  the  relative  temperature  stability 
of  ST-cut  quartz  have  yielded  a  design  with  better 
than  300  ppm  stability  over  the  -70°C  to  +70°C 
temperature  range. 


FREQUENCY 
SETTABILITY 
STABILITY 
OUTPUT  POWER 
MODULATION 

FREQUENCY  PULLING 


1660-1700  MHz 
200  ppm  (±168  KHz) 

<300  ppm 
500  mW 

PAM  (DC  TO  2000  pps) 
FM(100KHz,>  300  KHz/V) 

<  ±  1  MHz 


The  circuit  consists  of  two  modules;  a  four- 
channel  SAW  delay  line  oscillator  operating  In  a 
13.33  MHz  band  at  560  MHz,  and  an  output  module 
consisting  of  a  tripler  and  power  amplifier.  Fre¬ 
quency  modulation  is  accomplished  by  varying  the 
transmission  phase  in  the  oscillator  feedback  path. 
Pulse  amplitude  modulation  is  accomplished  through 
bias  switching  in  the  output  module.  The  circuit 
was  designed  for  eventual  large  volume  production. 

Two  prototype  circuits  have  been  fabricated 
and  tested.  Test  results  demonstrate  that  tempera¬ 
ture  stability  of  approximately  260  ppm  has  been 
achieved.  Output  power  in  excess  of  .5W  was 
typical . 

^Supported  by  the  US  Army  under  Contract  No. 

DAAB07-78-C-2992. 


TEMPERATURE  -70°C  TO  +70°C 

Since  the  circuits  will  be  used  in  an  expendable 
radiosonde,  cost,  size,  weight,  and  power  are 
important  design  considerations. 

An  attractive  approach  to  these  circuit  re¬ 
quirements  Is  a  SAW  stabilized  oscillator.  Surface 
acoustic  wave  delay  lines  can  provide  excellent 
uncompensated  temperature  stability,  excellent 
phase  noise,  and  their  use  greatly  reduces  circuit 
complexity  (as  compared  to  a  crystal  oscillator- 
multiplier  chain).  Whereas  unstabilized  microwave 
oscillators  can  be  expected  to  have  temperature 
stabilities  between  100  ppm/°C  and  1000  ppm/°C,  SAW 
stabilized  oscillators  can  achieve  stabilities  2  to 
3  orders  of  magnitude  better  than  this  unstabilized 
performance.  SAWs  yield  this  improved  performance 
due  to  their  high  Q,  Q  here  referring  specifically 
to  their  large  phase  slope. 
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The  requirements  for  stability,  moderate 
tuning  bandwidth,  and  FM  complicate  the  oscillator 
design.  Stability  is  enhanced  by  increased  phase 
slope  -  with  the  resulting  narrow  bandwidth  delay 
lines.  Tuning  and  frequency  modulation  are  en¬ 
hanced  by  reducing  phase  slope.  A  compromise 
between  these  requirements  has  been  made  through 
the  use  of  multiple  SAW  delay  lines  and  temperature 
compensation. 


System  Considerations 

A  block  diagram  of  the  oscillator  design  is 
shown  in  Figure  1. 

Figure  1.  OSCILLATOR  BLOCK  DIAGRAM 


|"sAW  OSCILLATOR  “1  foUTPUT  MODUli"”| 


The  circuit  consists  of  two  functionally  separate 
modules.  One  module  is  a  SAW  oscillator  with  out¬ 
put  frequency  at  one-third  the  desired  radiosonde 
transmission  frequency.  The  second  module,  or  out¬ 
put  module,  consists  of  circuitry  which  both  fre¬ 
quency  multiplies  (X3)  and  amplifies  the  SAW  oscil¬ 
lator  output.  The  SAW  oscillator  consists  of  four 
selectable  delay  lines,  each  covering  a  quarter  of 
the  553.3-566.7  MHz  band,  a  quadrature  hybrid  phase 
shifter,  and  loop  amplifier.  The  loop  oscillates 
over  the  553.3  to  566.7  MHz  band,  providing  approx¬ 
imately  +12  dBm  output  power.  The  oscillator  fre¬ 
quency  is  adjustable  through  a  potentiometer  and 
can  be  modulated  electronically.  The  output  module 
consists  of  a  X3  transistor  multiplier  and  power 
amplifier.  The  output  of  this  module  can  be 
amplitude  modulated. 

For  loops  of  this  type  the  conditions  for 
oscillation  are  1)  gain  around  the  loop  must  exceed 
all  losses  and  (2)  phase  around  the  loop  must  equal 
a  multiple  of  2tt  radians.  These  conditions  can  be 
expressed  as 

L$(f)  +  Lj(f)  <_  G(f,A)  (1) 

and 


2irfNt 


+  $  =  2Nit 


(2) 


where 

fjj  =  oscillation  frequencies 

i  =  center-to-center  transducer  separation 
V  =  surface  wave  velocity 
=  phase  shift  through  all  elements  except  SAW 
delay  line 
N  =  an  integer 

Ls(f)  =  insertion  loss  of  SAW  delay  line 

L,(f)  =  insertion  loss  of  feedback  loop 
components 

G(f,A)  =  amplifier  gain  as  a  function  of  f  and 
output  level,  A 
A  =  output  power  level 


The  frequency  of  oscillation  can  be  determined 
from  Equation  (2),  where 


fN  =  T  (N  " &■ 


(3) 


For  single-mode  operation,  the  SAW  delay  line 
is  designed  such  that  there  is  only  one  solution 
for  Equation  (3)  that  is  in  the  passband  of  the 
delay  line.  As  a  general  rule,  the  loss  associated 
with  the  feedback  loop  components,  Li(f),  and  the 
amplifier  gain,  G(f,A),  are  slowly  varying  func¬ 
tions  of  frequency  over  a  broad  range  around  the 
frequency  for  which  the  oscillator  is  being  de¬ 
signed,  and  the  SAW  response,  L$(f),  is  a  very 
strong  function  of  frequency.  The  SAW  oscillator 
is  designed  so  that  the  combination  of  SAW  delay 
line  loss  plus  amplifier  gain  exceeds  unity  over  a 
desired  frequency  band  around  the  desired  operating 
frequency.  As  long  as  only  one  solution  to  (3) 
falls  within  the  pasSband  response  of  the  SAW  delay 
line,  single-mode  operation  of  the  SAW  oscillator 
is  guaranteed. 

The  loop  amplifier  provides  gain  to  overcome 
losses  around  the  loop  -  thereby  meeting  the  first 
condition  for  oscillation.  The  amplifier  is  de¬ 
signed  to  have  linear  gain  well  in  excess  of  the 
loop  losses.  The  required  gain  margin  is  a  func¬ 
tion  of  the  saturation  characteristics  of  the 
amplifier  chain,  but  typically  must  be  greater  than 
4  dB.  Measurements  made  at  TRW  have  shown  that  a 
minimum  of  4  dB  gain  margin  will  provide  maximum 
output  power  and  minimum  phase  noise.  For  a  cir¬ 
cuit  with  adequate  gain  margin,  the  oscillator  out¬ 
put  power  will  equal  the  saturated  output  power  of 
the  amplifier  minus  the  power  coupled  back  into 
the  loop. 

The  second  condition  for  oscillation  is  met 
through  use  of  the  phase  shifter.  The  frequency  of 
oscillation  is  set  by  varying  4>  in  (3).  It  is 
necessary  for  the  phase  shifter  to  provide  adequate 
phase  variation  to  tune  across  the  required  fre¬ 
quency  band.  This  phase  variation  will  be  defined 
by  the  phase  slope  of  the  delay  line.  It  is  gen¬ 
erally  necessary  to  provide  tuning  phase  in  excess 
of  that  required  for  any  given  SAW  to  accomodate 
the  variation  in  absolute  transmission  phase  from 
SAW  to  SAW.  It  is  reasonable  to  expect  variations 
in  absolute  delay  for  SAWs  to  be  as  large  as  +0.1%. 
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For  typical  delay  lines  of  1 00 X  electrical  length, 
this  equates  to  +36°  variation  in  transmission 
phase.  The  data  from  measurements  of  16  delay 
lines,  shown  in  Table  2,  demonstrates  typical  vari¬ 
ation  in  absolute  phase. 

Table  2.  MEASURED  VARIATIONS  IN  ABSOLUTE 
PHASE 


SAW 

DESIGNATION 


DESIGN 

FREQUENCY 


TRANSMISSION 

PHASE 


B1-1 

B2-1 

B3-1 

B4-1 


555.0  MHz 


76.5 

1115 

110.0 

80.0 


81-2 

B2-2 

B3-2 

B42 


568.3 


-128.0 

-102.6 

-145.0 

-162.0 


MAXIMUM  PHASE 
DIFFERENCE 


36° 


59.4° 


81-3 

B2-3 

B3-3 

84-3 


561.7 


108.0 

+85.5 

+95.0 

+68.0 


40° 


B1-4 

B2-4 

B3-4 

BM 


665.0 


-157.5 

-144.0 

-98.0 

+165.0 


107° 


Saw  Delay  Line  Design 

As  mentioned  above,  four  SAW  delay  lines  are 
used  to  cover  the  frequency  bands  from  553.3  to 
566.7,  556.7  to  560,  560  to  563.3,  and  563.3  to 
566.7  MHz.  The  SAWs  are  shown  In  Figure  2. 

Figure  2.  FOUR  CHANNEL  SAW  DELAY  LINE 


The  SAW  delay  lines  have  been  designed  to  achieve 
the  required  passband  frequencies  and  delay  times 
while  maintaining  a  minimum  insertion  loss  and  good 
temperature  stabMity.  The  delay  time  is  important 
since  it  directly  determines  the  mode  spacing  and 
thus  the  tuning  range  of  the  SAW  oscillator. 

The  rationale  for  segmenting  the  passband  into 
four  sub-bands  Is  as  follows:  The  delay  line  band¬ 
width  or  tunability  range  of  a  SAW  delay  line  is 
inversely  proportional  to  its  time  '*el*v  and  oscil¬ 
lator  Q.  In  order  to  achieve  a  sing-"'  node  fre¬ 
quency  selectability  from  1660  to  1700  MHz,  a 
+12000  ppm  frequency  band,  the  center  reparation 
between  the  input  and  output  transducers  must  ‘  <■ 
less  than  33  x0.  This  separation  creates  two 


problems.  First,  the  direct  feedthrough  can  en¬ 
hance  the  sidelobe  levels  and  if  sufficient  excess 
gain  exists  in  the  loop,  more  than  one  mode  of 
oscillation  can  exist.  Secondly,  the  delay  line 
insertion  loss  becomes  excessive  due  to  the  limited 
number  of  finger  pairs  in  the  transducer. 

A  delay  line  on  ST-cut  quartz  with  30  An 
transducer  separation  was  projected  to  have  inser¬ 
tion  loss  in  excess  of  40  dB.  To  reduce  this  large 
loss  it  was  decided  to  divide  the  1660  to  1700  MHz 
frequency  band  int'*  several  channels.  By  a  trade¬ 
off  analysis  considering  insertion  loss,  sidelobe 
rejection,  circuit  complexity,  and  yield,  four 
channels  were  used  as  a  baseline  design. 

With  the  number  of  channels  optimized,  the 
choice  of  the  SAW  delay  line  frequency  was  consi¬ 
dered.  Frequencies  to  be  considered  include  the 
fundamental  oscillator  frequency  and  the  various 
subharmonics.  With  the  present  state-of-the-art, 
it  is  extremely  difficult,  if  not  impossible,  to 
mass  produce  SAW  delay  lines  operating  at  the  fun¬ 
damental.  Either  an  embedded  transducer  finger 
configuration  or  an  extremely  t{)in  interdigital 
finger  metallization  layer  (200A)  would  have  to  be 
employed  if  mode  conversion  at  the  surface  discon¬ 
tinuities  were  to  be  minimized  and  if  Insertion 
losses  were  to  be  less  than  30  dB.  Even  using 
these  techniques,  the  typical  variation  of  delay 
line  frequency  due  to  fabrication  tolerance  is 
estimated  to  be  +10  MHz,  too  large  to  be  of  prac¬ 
tical  use. 

Design  of  the  delay  line  at  a  subharmonic  of 
1680  MHz  Is  a  more  practical  approach  for  a  circuit 
requiring  mass  production.  Both  one-half  and  one- 
third  output  frequencies  were  considered.  Delay 
lines  operating  at  the  one-half  frequency  can  be 
produced  using  photolithographic  techniques,  how¬ 
ever,  center  frequency  reproducibility  and  inser¬ 
tion  loss  are  not  easily  controlled.  Again,  this 
is  mainly  due  to  fabrication  tolerances  and  mode 
conversion  which  could  be  improved  by  using  embed¬ 
ded  transducers  or  very  thin  electrode  metalliza¬ 
tion,  but  both  of  these  approaches  would  lead  to 
increased  SAW  production  costs. 

These  production  problems  can  be  alleviated  by 
lowering  the  delay  line  frequency  to  the  third  sub¬ 
harmonic.  The  device  design  would  be  similar  to  a 
one-half  frequency  design,  but  with  Increased  line 
widths.  Hence,  for  this  application,  four  delay 
lines  with  center  frequencies  at  555  MHz,  558-1/3 
MHz,  and  565  MHz  were  designed  on  a  single  sub¬ 
strate.  Each  of  the  delay  lines  consists  of  two 
identical  interdigital  transducers  with  split  elec¬ 
trode  configuration.  The  choice  of  identical 
transducer  design  minimizes  or  eliminates  fabrica¬ 
tion  errors  that  can  cause  the  passbands  of  input 
and  output  transducers  to  differ,  resulting  in  an 
increase  in  insertion  loss.  The  split  electrode 
configuration  allows  the  delay  line  to  operate  at 
the  third  harmonic  so  that  linewidth  resolution  for 
the  fingers  stays  above  2.2  ym.  This  linewidth  can 
easily  be  fabricated  using  conventional  photolitho¬ 
graphic  techniques. 
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The  center-to-center  separation  between  the 
input  and  output  transducers  determines  the  time 
delay  for  the  SAW  delay  line.  The  time  delay  then 
limits  the  length  of  the  transducer,  which  in  turn 
gives  a  lower  bound  for  the  delay  line  bandwidth. 
The  mode  spacing  and  the  tuning  range  are  inversely 
proportional  to  the  time  delay.  To  ensure  wide 
tuning  range  and  single  mode  operation,  the  trans¬ 
ducers  have  to  be  placed  very  close  to  t«r.“  another 
and  contain  the  maximum  allowable  finger  pairs. 

For  the  present  design,  this  center-to-center  sepa¬ 
ration  was  set  at  98  x0,  where  A0  is  the  acoustic 
wavelength  at  the  center  frequency  of  each  delay 
line.  The  transducers  each  consist  of  29  finger 
pairs,  and  the  edge-to-edge  separation  between 
transducers  is  only  10  pm.  Fortunately,  it  was 
found  that  with  proper  packaging,  the  direct  elec¬ 
tromagnetic  feedthrough  at  this  separation  can 
still  be  suppressed  to  below  20  dB  of  the  passband 
peak.  The  acoustic  aperture  for  these  delay  lines 
was  designed  to  be  200  XQ. 

Phase  Shifter  Design 


The  phase  shifter  forms  a  key  part  of  the 
microwave  oscillator  since  by  varying  phase  around 
the  loop  the  desired  frequency  of  oscillation  can 
be  selected  and  the  oscillator  frequency  can  be 
modulated.  The  circuit  selected  for  the  phase 
shifter  is  a  reactively  loaded  hybrid  coupler  de¬ 
sign.  The  circuit  is  shown  in  Figure  3. 


Figure  3.  HYBRID  PHASE  SHIFTER 


To  operate  as  a  phase  shifter,  a  quadrature 
hybrid  is  connected  to  two  reflective  networks,  one 
on  port  2  and  one  on  port  3.  Ports  1  and  4  form 
the  input  and  output  ports  respectively .  Let 


'lin 


=  Ae°  be  the  signal  input  to  port  1.  The 


hybrid  coupler  splits  the  input  signal  such  that 
V  -  Jwt  and  V  -  -r-  J^w^  *  n/^)  .  <  p 

V2out  72  e  and  v3out  72  e 

half  of  the  power  input  to  port  1  goes  to  each  of 

ports  2  and  3,  with  a  90°  phase  shift  between  them. 

If  the  networks  connected  to  ports  2  and  3  have 

reflection  coefficients  of  and  r%  resoectively, 

then  the  signals  input  to  ports  2  and  3  are  given 

as 


f  =  A  >tr 

2 1 n  72  e  ‘l 

(4) 

f  -  A  J  (tot  +  ti/2) 

31 n  "  72  e  r2 

(5) 

The  power  out  of  ports  1  and  4  is  given  by 

»,„„t '  *  «J(“*  *  <6> 


*4»ut  '  *  ’/2>rl  *  eJ(“'  *  "/!>r2> '  <7> 

It  Is  apparent  that  if  r,  *  r2,  no  power  Is  reflec¬ 
ted  to  port  1  and  all  power  incident  on  port  1  Is 
delivered  to  port  4. 

Networks  of  a  shorted  stub  in  parallel  with  a 
varactor  diode  were  chosed  for  the  load  circuits  in 
this  application.  This  design  produced  the  perfor¬ 
mance  shown  In  Figure  4.  Amplitude  variation  was 
less  than  2  dB  for  nearly  200°  of  phase  shift. 
Tuning  voltage  was  0  to  24V.  Figure  4  shows  the 
measured  plot  of  phase  shift  versus  voltage  taken 
at  +70°C.  Note  the  almost  linear  tuning  character¬ 
istics  obtained  by  a  compensation  of  the  phase 
shifter  design  and  the  capacitance  change  charac¬ 
teristic  of  the  varactor  diode. 

Figure  4.  PHASE  SHIFT  vs  VOLTAGE  AT  +70°C 


Unfortunately,  a  major  problem  with  the  varac¬ 
tor  diode  is  Its  sensitivity  to  temperature.  Fig¬ 
ure  5  is  a  measured  plot  of  the  phase  shift  versus 
temperature  at  560  MHz.  Note  that  at  20V  one 

Figure  5.  PHASE  SHIFT  vs  TEMPERATURE  AT  560  MHz 
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obtains  over  10°  of  phase  variation  with  tempera¬ 
ture.  A  sensistor-resistor  network  was  used  to 
temperature  compensate  the  varactors. 


Loop  Amplifier 

The  loop  amplifier  is  a  three-stage,  common 
emitter,  bipolar  transistor  design  providing 
approximately  40  dB  gain.  The  circuit  is  more 
broadband  than  required,  and  special  precautions 
were  taken  to  assure  out-of-band  stability.  The 
large  mismatch  presented  by  SAW  devices  far  from 
center  band  has  a  tendency  to  cause  spurious  modes 
of  oscillations.  For  this  application  a  lossy 
tank  was  used  to  assure  unconditional  stability. 

Output  Module 


The  Output  Module  consists  of  a  transistor 
tripler  and  power  amplifier.  The  tripler  and 
amplifier  are  each  common  base,  bipolar  transistor 
designs  using  distributed  matching  networks.  Out¬ 
put  power  for  this  module  was  typically  in  excess 
of  +28  dBm. 

Microwave  Oscillator  Hardware  and  Performance 


Figure  6  is  a  photograph  of  the  prototype 
oscillator.  Figure  7  shows  details  of  the  SAW 
oscillator  module.  The  tripler  and  power  amplifier 
are  mounted  beneath  this  board.  Output  power  vs 
frequency  is  plotted  in  Figure  8.  Note  that  a 
minimum  of  +26.8  dBm  (480  mW)  was  achieved. 

Figure  9  shows  the  frequency  settability  and 
turn-on  drift  characteristics  of  the  oscillator  in 
the  various  channels.  When  the  oscillator  had 
stabilized  (at  f0),  the  power  was  turned  off,  and 
after  cooling,  turned  on  again.  Note  that  the 
worse  case  drift  was  about  +50  kHz.  After  warm-up, 
(T„),  the  oscillator  returned  to  the  initial  fre¬ 
quency  setting. 

Figure  10  shows  plots  of  the  frequency  stabi¬ 
lity  vs  temperature  for  each  channel.  This  stabi¬ 
lity  is  the  combined  effects  of  the  SAW  parabolic 
characteristic,  phase  shifter  drift,  and  senslstor 
compensation.  Table  3  summarizes  performance  of 
the  circuit.  Finally,  Table  4  shows  a  comparison 
of  the  performance  of  the  existing  oscillator  and 
the  circuits  discussed  here. 

Conclusion 


This  work  has  demonstrated  an  ideal  applica¬ 
tion  for  surface  acoustic  wave  devices.  Stable 
microwave  frequencies  were  obtained  which  far 
exceeded  the  stability  of  currently  available 
radiosondes.  Improved  stability  and  settability 
can  also  be  expected  with  more  advanced  electronic 
compensation  methods  and  SAW  fabrication,  mounting, 
and  sealing  techniques. 

Acknowledgements 

The  authors  wish  to  express  their  appreciation 
to  M.  D.  Brunsman  and  L.  Z.  Marosi  for  their  con¬ 
tribution  to  the  development  of  this  circuitry. 


Figure  6.  PROTOTYPE  OSCILLATOR 


Figure  7.  SAW  OSCILLATOR  MODULE 


Figure  8.  OUTPUT  POWER  vs  FREQUENCY 
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Figure  9.  FREQUENCY  SETTABILITY  AND  TURN-ON  DRIFT  CHARACTERISTICS 
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Figure  10.  FREQUENCY  STABILITY  vs  TEMPERATURE 
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Table  3.  PERFC.v. 


• iMARY 


|  TEMFERATURE  STABILITY/Poyr  | 

CHANNEL 

CENTER  FREQUENCY 
(MHz) 

FOUT  (dBm)  MIN. 

Af  (ppm) 

1 
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♦26.10 

El 

2 

1676.0 

♦20.40 
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3 

1606.0 

♦20.00 
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4 

1606.0 
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SPURIOUS  LEVEL 
FREQUENCY  (MHz) 
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fout 
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(dBm) 
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SAW  FREQUENCY 
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2X  SAW  FREQUENCY 
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♦  05 
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6071.0 

3xfout 

-26.0 

67.0 

FREQUENCY  PULLING 

AF  »  286  KHz  (±  143  MHz) 


AM  (V|N  -  1.414  V) 

■  *24.9  dBm 
pOFF  •  -IQjQdBm 


Table  4.  PERFORMANCE  COMPARISON 


OSCILLATOR 

FREQUENCY  STABILITY 

FREQUENCY 

SETTAOILITY 

TOTAL 

BANDWIDTH 

TEMPERATURE 
-70  °C  TO  +70  °C 

OTHER 

(ELECTRONICS. 

ETC.) 

PRESENT  L.C. 
OSCILLATOR 

1500  ppm 

100  ppm 

1600  ppm 

2.52  MHz 

168  KHz 
(±84  KHz) 

2.69  MHz 

PROJECTED 

PAPARI?  ITIFS 

300  ppm 

200  ppm 

500  ppm 

(CONTRACT 

REQUIREMENTS) 

160  ppm 

140  ppm 

336  KHz 

840  1Hz 

269  KHz 

235  KHz 

(±168  KHz) 

ACHIEVED 

PERFORMANCE 

260  ppm 

40  ppm 

300  ppm 

160  ppm 

100  ppm 

67  KHz 
(±33.5  KHz) 

504  KHz 

269  KHz 
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Summary 

Modern  techniques  of  time  series  analysis 
provide  sensitive  means  of  characterizing  the 
frequency  behavior  of  oscillators  and  are 
particularly  useful  for  identifying  the 
presence  and  sources  of  systematic  frequency 
perturbations.  We  illustrate  these  techniques 
by  describing  the  analysis  of  an  experiment  in 
which  the  frequencies  of  superconducting 
cavity-stabilized  oscillators  and  hydrogen 
masers  were  compared. 

The  techniques  we  used  to  identify  the 
presence  of  spurious  variations  in  the  frequen¬ 
cy  difference  between  two  oscillators  are  auto¬ 
correlation  of  the  time  series  of  the  frequency 
data,  and  cross-correlation  of  the  frequency 
series  with  the  candidate  perturbation.  To 
achieve  high  sensitivity  in  the  correlation 
results,  it  was  important  to  induce  station- 
arity  in  the  frequency  data  series  by  differen¬ 
tiating  the  data.  Autocorrelations  of  the 
transformed  series  revealed  the  presence  of 
perturbing  signals.  To  identify  the  period  of 
these  perturbations  we  applied  superresolution 
techniques;  the  period  was  found  to  correspond 
to  that  of  the  semi-diurnal  lunar  tide. 

Cross-correlation  of  the  differentiated 
freauency  data  with  candidate  perturbations  then 
confirmed  the  identity  of  the  source  of  the 
perturbations:  barometric  pressure  fluctuations 
caused  largely  by  atmospheric  tides.  The  pertur¬ 
bation  was  removed  from  the  frequency  data  by  a 
least  squares  regression  and  also  by  a  more 
sensitive  calculation  involving  the  maximum 
likelihood  estimation  of  a  second  order  linear 
transfer  function;  this  technique  allowed  us  to 
characterize  the  transfer  functions  of  systematic 
perturbations  affecting  the  oscillators. 

Introduction 

The  quantity  of  ultimate  importance  to 
those  working  with  high  stability  oscillators  is 
the  frequency  of  the  oscillator,  and,  in  par¬ 
ticular,  the  behavior  of  the  frequency  as  a 
function  of  time.  Analysis  of  the  frequency  is 
necessary  for  characterizing  the  noise  processes 
affecting  the  oscillator's  performance  and  for 
identifying  systematic  perturbations  of  the 


frequency.  Traditional  methods  of  treating 
oscillator  frequency  Include  Fourier  analysis 
and  measurement  of  the  Allan  variance.  We  shall 
discuss  some  recently  applied  techniques  of  time 
series  analysis  that  provide  sensitive  means  for 
characterizing  the  frequency  behavior  of  oscill¬ 
ators,  and  are  particularly  useful  for  identify¬ 
ing  the  presence  and  sources  of  systematic  per¬ 
turbations  of  the  frequency.  These  techniques 
include  transformation  of  the  frequency 
(expresses  as  a  function  of  time)  to  a  stationary 
process,  autocorrelation  and  cross-correlation, 
superresolution  and  determination  of  transfer 
function  between  a  perturbing  influence  and  the 
frequency.  We  will  illustrate  these  methods  by 
describing  the  analysis  of  an  experiment 
investigating  theories  of  gravitation. 

Description  of  Experiment 

According  to  a  conjecture  proposed  by 
Clifford  Will,  1  non-metric  theories  of  gravita¬ 
tion  predict  that  clocks  based  upon  different 
physical  principles  will  undergo  different 
frequency  shifts  when  the  local  gravitational 
potential  changes,  while  metric  gravitational 
theories  (including  Einstein's  General  Relativity) 
predict  identical  "gravitational  redshifts"  for 
all  types  of  clocks. 

In  the  experiment  that  provided  the  data 
to  be  discussed,  the  frequencies  of  superconduct¬ 
ing-cavity  stabilized  oscillators  (SCSO's)  and 
the  hydrogen  masers  were  compared,  with  the  aim 
of  determining  whether  the  frequency  difference 
between  the  two  types  of  oscillators  is  affected 
by  changes  in  the  local  gravitational  potential. 
The  frequencies  of  three  SCSO's  in  a  common  dewar 
were  compared  with  the  frequencies  of  two  hydrogen 
masers  in  the  same  laboratory.  The  ten  frequency 
difference  combinations  possible  among  the  five 
oscillators  were  measured  over  a  period  of 
eleven  days.  The  local  gravitational  potential 
due  to  the  sun  varied  sinusoidally  with  a  period 
of  one  solar  day  due  to  the  rotation  of  the  earth. 
Furthermore,  the  experiment  was  carried  out  during 
March  and  April  of  1978,  when  the  earth's  motion 
in  its  eccentric  orbit  was  carrying  it  away  from 
the  sun  at  its  fastest  rate  of  the  year,  thus 
adding  a  nearly  linear  time  variation  of  the 
gravitational  potential  to  the  diurnal  variation. 
From  these  two  causes,  the  time-varying  component 
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of  the  gravitational  potential,  normalized  to 
the  square  of  the  speed  of  light,  was 
approximately 

A<t>  in  "I  0 

—  =  3  x  10  li:t  +  3  x  10  16  cos  (2nt)  (1) 

where  t  is  measured  in  solar  days,  and  t=0 
corresponds  to  noon  on  April  4,  1978.  The  aim 
of  the  data  analysis  was  to  determine  whether 
the  difference  frequencies  between  oscillators 
whose  frequencies  are  governed  by  different 
physical  principles  varied  in  time  according 
to  eq.  1,  and  to  set  limits  on  the  extent  to 
which  the  gravitational  potential  can  affect 
these  frequency  differences. 

A  typical  maser  SCSO  fractional  frequency 
difference  signal  as  a  function  of  time  over 
the  experiment  is  shown  in  Fig.l.  It  can  be 
seen  that,  although  the  signal  is  homogenous 
(any  short  section  resembles  any  other  short 
section),  it  is  not  stationary,  in  that  it 
does  not  possess  a  fixed  mean.  (In  general, 
a  signal  is  stationary  if  and  only  if  all  of 
its  moments--mean,  variance,  etc.— are  in¬ 
dependent  of  time.)  Inspection  of  Fig.  1 
suggests  that  the  spectrum  of  the  time  series 
is  "red",  that  is,  the  series  is  dominated  by 
low-frequency  fluctuations.  This  is  confirmed 
by  the  Fourier  transform,  shown  in  Fig.  2;  most 
of  the  spectral  power  is  at  low  frequencies, 
and  no  spectral  component  extends  more  than 
roughly  one  standard  deviation  above  the 
trend  of  the  spectrum. 

Homogeneous,  non-stationary  time  series 
similar  to  that  of  Fig.  1  are  observed  in  a 
wide  variety  of  disciplines,  from  industrial 
process  control  to  stock  market  price  analysis. 

The  significance  of  stationarity  lies  in  the 
fact  that  for  a  stationary  process  probability 
structure  of  data  depends  only  upon  time 
differences,  and  not  upon  the  absolute  time. 

This  assumption  is  at  the  foundation  of  most 
commonly  used  calculations  such  as  Fourier 
transforms  and  correlation  functions.  Tradi¬ 
tional  methods  of  transforming  a  function  with 
a  non-fixed  mean  to  approximate  stationarity 
include  trend  removal  (least  square  fitting  of 
a  polynominal  to  the  function)  and  functional 
transformations  (taking  the  logarithm,  square 
root,  etc.  of  the  function).  Another  highly 
useful  technique  is  to  characterize  the  non- 
stationary  stochastic  signal  as  being  produced 
by  a  linear  system  acting  upon  white  noise.  A 
transformation  that  has  gained  wide  acceptance 
is  the  autogressive  moving-average  model. w) 

0-8.6-^— •)  At  (3) 

where  Xt  =  non-stationary  signal  at  time  t, 

Afc  =  stationary  white  noise  signal  at  time  t 
8  =  backshift  operator  defined  by 


The  versatility  of  this  approach  is  apparent  when 
it  is  viewed  as  the  finite  difference  analog  of 
the  arbitrary  differential  operator  connecting  a 
system  input  and  output.  Usually  the  infinite 
series  operating  on  Xt  and  At  can  be  truncated, 
and  in  many  cases  Xt  xcan  beVendered  stationary 
simply  by  the  first^ifference  operator: 

(1-B)  Xt«  Xt-  Xw  =  At  (3) 

This  was  approximately  true  in  the  experiment 
described  here  and  since  the  first  difference 
is  the  analog  of  the  first  derivative,  we  ex¬ 
amined  the  time  derivative  of  the  relative 
frequency  difference.  The  derivative  of  the 
frequency  data  of  Fig.  1  is  shown  in  Fig.  3. 

It  is  apparent  from  Fig.  3  that  the  data  have 
components  fluctuating  at  roughly  half-day  and 
one-day  periods.  This  can  be  seen  more  clearly 
in  the  autocorrelation  function,  Fig.  4,  which 
displays  a  distinct  period  of  approximately 
one-half  day.  In  order  to  determine  the  source 
of  this  semi-diurnal  fluctuation,  we  needed  to 
know  its  period  more  exactly.  The  frequency 
resolution  of  Fourier  analysis  is  limited  to  the 
reciprocal  of  the  length  of  the  data  sample.  We 
adopted  a  more  powerful  technique,  which  does  not 
have  this  1  imitation,  for  determining  a  signal's 
period.  This  method,  known  as  superresolution, 
in  a  trigonometric  function  n*. 

A  cos  (^+$) 

is  fitted  to  the  data  by  non-linear  least  squares 
regression.  The  amplitude  (A),  period  (T),  and 
phase  (<j>)  of  the  function  are  adjusted  for  the 
best  fit.  The  period  resolution  of  this  technique 
is  limited  only  by  noise,  not  by  data  length. 

The  period  of  the  semi-diurnal  perturbation 
was  determined  to  be  0.507  +.002  solar  days.  This 
is  significantly  longer  than  half  a  solar  day, 
and  suggests  the  effect  of  the  lunar  tide. 

Possible  mechanisims  of  lunar  perturbation  are 
changes  in  the  local  gravitational  acceleration  g 
(the  effect  that  causes  ocean  tides),  and  varia¬ 
tions  in  the  barometric  pressure,  which  is 
affected  by  changes  in  g  that  result  in  the  so- 
called  "atmospheric  tides".  To  determine  the 
source  of  the  perturbation,  we  cross-correlated 
the  time  derivatives  of  the  candidate  functions 
with  the  derivatives  of  the  frequency  differences. 
Fig.  5  shows  the  local  barometric  pressure  during 
the  experiment;  we  see  that  this  function  has  a 
very  distinct  signature.  Between  days  3  and  5  a 
weather  front  passed  through  the  area,  and  after 
day  6  the  weather  was  quite  stable,  revealing  the 
semi-diurnal  variations  of  the  atmospheric  tides. 
Fig.  6  compares  the  time  derivative  of  the 
barometric  pressure,  dp/dt,with  the  derivative  of 
the  frequency;  the  resemblence  is  striking.  This 
is  verified  by  the  cross-correlation  of  dp/ dt 
with  f  (Fig.  7),  which  has  a  strong  peak  at 
zero  time  lag. 

When  a  systematic  perturbation  is  identified, 
it  is  often  desirable  to  remove  its  effect  from 
the  data.  In  the  experiment,  we  accounted  for 
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the  Influence  of  barometric  pressure  on  oscill¬ 
ator  frequencies  by  two  methods.  A  traditional 
method  is  to  perform  a  least  squares  regression 
of  p  on  f,  thereby  obtaining  a  single  value 
for  the  pressure  sens1ti\1ty.  p  can  then  be 
multiplied  by  the  sensitivity  and  subtracted 
from  f.  A  more  informative  method  of  Investi¬ 


gating  the  Influence  of  the  pressure  Is  to 
calculate  the  transfer  function  between  pressure 


and  frequency: 

i  p 

(l-e,6-©4Bx)  * 


% 


(4) 


where  B  Is  the  backshift  operator  and  Is  a 
white  noise  process.  We  determined  the  values 
of  the  d>, .and  0,  using  a  maximum  likelihood 
method.  '(3)  1  The  transfer  function  of  eq.  3 

gives  not  only  the  magnitude  of  the  response  of 
frequency  to  barometric  pressure,  but  also  Its 
time  evolution,  and  permits  calculation  of  the 
Impulse  response,  '3'  which  is  shown  In  Fig.  8 
for  the  frequency  differences  between  three 
pairs  of  oscillators.  {Masers  are  labeled  M5 
and  M6;  SCSO  s  are  labelled  SI,  S2,  and  S3.) 

It  is  apparent  that  the  impulse  response  of  the 
pair  S2-M6  has  a  high  Initial  amplitude  and 
that  a  larger  fraction  of  the  area  under  curve 
is  near  t=0  than  Is  the  case  for  the  other 
pairs.  Furthermore,  pair  S2-M5  has  a  smaller 
amplltlde  and  a  slower  response,  suggesting 
that  maser  M6  had  the  highest  barometric 
sensitivity.  This  was  subsequently  found  to 
be  caused  by  a  mechanical  Interference  within 
the  maser,  which  was  corrected.  The  barometric 
response  of  the  frequency  difference  between 
SCSO's  arises  from  flexure  of  the  plate  from 
which  they  are  suspended  In  their  dewar.w) 

The  derivatives  of  the  frequency  differences 
for  the  three  pairs  of  oscillators  are  shown  In 
Fig.  9,  along  with  dp/dt.  The  consequences  of 
their  different  Impulse  responses  are  readily 
apparent  In  the  data. 


Conclusion 

We  h0-<e  explored  the  application  of  several 
techniques  of  modern  time  series  analysis  that 
are  useful  for  analyzing  the  characteristics 
of  high-stability  oscillators  and  for  Identify¬ 
ing  systematic  perturbations  to  the  frequency. 
The  techniques  discussed  here  are: 

-  transformation  to  stationarlty 

-  autocorrelation  and  cross-correlation 

-  superresolution 

-  transfer  function  determination 
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SUMMARY 


Crystal  oscillators  are  well  known  for 
short  and  medium  term  stability.  Optimum 
performances  are  obtained  at  5  and  10  MHz  with 
a  AT  cut  crystal.  They  are  closely  associated 
with  the  notion  of  stability  in  time.  Another 
notion,  spectral  purity,  will  result  in 
searching  for  a  frequency  generator.  Let  us 
consider  the  conventional  AT  cut  crystal 
oscillator  at  10  MHz.  low  performances  of 
such  an  oscillator  are  due,  firstly  to  a  too 
low  frequency  and  secondly  to  an  drive  level 
wich  must  be  lew.  Tb  achieve  -140  dB/Hz 
signal/noise  ratio  at  10  kHz  of  the  500  MHz 
carrier,  -174  dB/Hz  must  be  reached  at  10  MHz. 
At  this  10  MHz  frequency  the  long  term  __ 
stability  (aging)  must  be  better  than  5.10-' 
per  year. 

The  oscillator  presented  provides  directly, 
without  multiplication  to  80  MHz,  the  follo¬ 
wing  performances  : 

-  Spectral  purity  of  -162  dB/Hz  at 
80  MHz. 

-  long-term  stability  (aging)  <  5.10-7 
per  year. 

Such  performances  are  obtained  in  using 
an  SC  cut  crystal  at  80  MHz. 

Key  words  :  Crystal  oscillators-  doubly 
rotated  cuts  -  resonateurs  -  stability  - 
spectral  purity  -  noise  -  aging. 

Introduction 

The  best  performances  of  crystal 
oscillators  take  place  at  5  MHz  and  10  MHz 
with  an  AT  cut  crystal.  They  are  closely 
associated  with  the  notion  of  stability  in 
time.  Another  notion,  spectral  purity,  will 
result  in  searching  for  a  frequency  generator, 
performances  such  as  -120  dB/Hz  signal/noise 
ratio  at  1  kHz  and  -140  dB/Hz  at  10  kHz  for 
a  500  MHz  carrier  frequency  are  necessary 
for  a  lot  of  applications  in  telecommunications. 
This  notion  of  spectral  purity  requires  the 
development  of  the  design  of  generators, 
frequency  synthesizers,  spectrum  analyzers  and 
results  in  expanding  prospects. H 


Let  us  consider  the  conventional  AT  cut 
crystal  oscillator  at  10  MHz.  Low  performances 
of  such  an  oscillator  are  due  firstly  to  a 
too  low  frequency  and  secondly  to  a  drive 
level  wich  must  be  low  (a  few  tens  of  microwatt) , 
so  that  non-linearities  in  the  operation  of 
the  resonator  do  not  result  in  hardly  contro¬ 
llable  frequency  variations  and  in  addition, 
do  not  lewer  the  long-term  stability  of  the 
oscillator.  Tb  achieve  a  -140  dB/Hz  signal/ 
noise  ratio  at  10  kHz  of  the  500  MHz  carrier, 

-174  dB/Hz  must  be  reached  at  10  MHz.  FUther- 
more,  to  get  to  UHF,  insolved  studies  on 
frequency  multipliers  are  required. 

The  long  term  stability  of  this  500  MHz 
frequency  must  be  better  than  5.10-7  per  year. 
This  long  term  stability  may  be  obtained  with 
a  10  MHz  oscillator.  That  is  the  reason  why  the 
10  MHz  oscillator  was  choosen. 

In  this  paper  we  present  a  80  MHz  oscilla¬ 
tor  using  SC  cut  quartz  crystal. 

This  80  MHz  oscillator  picnent,  without 
multiplication,  the  two  performances  : 
noise  and  long  term. stability. 

Description  and  results 

The  choice  of  this  80  MHz  frequency  has 
been  made  according  to  the  characteristics 
of  crystal.  It's  difficult  to  get  an  industrial 
crystal  at  a  frequency  higher  than  100  MHz, 
with  an  easy  technology  for  getting  a  lew 
aging  rate  and  a  low  noise.  This  limit  of 
80  MHz  is  mainly  determined  by  the  thickness 
of  the  blank.  The  thickness  of  the  10  MHz 
blank  (AT  cut,  overtone  3)  is  500  pm. 

The  thickness  of  the  80  MHz  blank  (SC  cut, 
overtone  3)  is  68  pm. 

We  will  classify  the  following  oscillators 
in  2  types  : 

-  the  first  one  :  oscillators  for 
satellite  Communications  applications 
(SATOOM) 

-  the  second  one  :  generators  used  for 
VHF  and  UHF  receiver  (telecommunica¬ 
tions  applications) . 
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All  the  following  values,  will  be 
given  at  100  MHz  frequency. 

On  figure  1,  for  these  two  applications, 
we  can  see  the  necessary  specifications  at 
100  MHz. 

The  main  difficulty  for  the  spectral 
density  of  pha#e  fluctuations  in  the  case 
atpwn  by  the  curve  called  SATCCM,  is 
situated  between  a  few  Hz  and  100  Hz. 

Ebr  example  the  European  Spatial 
Agency  needs  -1 20  dB/Hz  at  160  Hz  from 
the  carrier  frequency  and  -85  dB/Hz  at 
10  Hz  from  the  carrier  frequency. 

In  the  case  shown,  by  the  curve 
called  TEEEOCM,  the  noise  specified  is  at 
more  than  5  kHz. 

-144  dB/Hz  at  500  MHz,  that  is 
160  dB/Hz  at  100  MHz  are  needs. 

Etor  the  aging  rate,  me  must  get 
several  10~7  per  year. 

On  figure  2,  we  can  see  the  standard 
oscillator  performances. 

The  lower  curve  shows  the  values  of  an 
AT  cut  10  MHz  oscillator  transposed  at 
100  Jfflz. 

The  noise  is  too  high  over  100  Hz 
from  the  carrier.  That  is  due  to  the  lew 
oscillating  pewer  (a  few  10  pw) .  This 
low  power  is  necessary  to  meet  aging  rate. 

TO  used  this  kind  of  oscillator  it  is 
necessary  to  add  a  100  MHz  crystal  filter. 
This  is  an  expensive  solution. 

The  second  curve  shews  the  values  of 
a  100  MHz  oscillator  using  an  AT  cut 
crystal. 

The  noise  value  agree  with  the  specifi¬ 
cations,  but  the  aging  rate  is  more  than 
several  ppm  per  year.  Ebr  using  this  second 
kind  of  oscillator  it's  necessary  to  lock 
it  cm  a  10  MHz  oscillator,  to  get  a  good 
aging  rate.  This  is  also  an  expensive 
solution. 

The  figure  3  shows  the  values  of  a 
80  MHz  oscillator  translated  to  100  MHz, 
using  a  SC  cut  crystal. 


On  this  SC  cut  oscillator,  the  noise 
value  is  -162  dB  per  Hz  at  10  kHz  from  the 
carrier  frequency,  wich  corresponds  to 
-146  dB/Hz  at  500  MHz  and  -180  dB/Hz  at 
10  MHz. 

_7 

The  aging  rate  is  less  than  5.10 
per  year. 

These  characteristics  of  the  80  MHz 
crystal  resonator  are  the  following  : 

-  EOr  the  AT  cut  crystal  s  R)  =  15a 
Li  =  2,3  mH,  Q  =  75  000. 

-  EOr  the  SC  cut  crystal  :  R)  =  65n 
L1  *  11  nH,  Q  =  86  000. 

The  relative  frequency  deviation  due 
to  non-linear  effects  of  these  two  kinds 
of  crystal  are  the  following  : 

aF  —7 

-  EOr  the  AT  cut  crystal  :  =20.10 

between  two  pewer  levels  of  45  and  400  pw 

-  EOr  the  SC  cut  crystal  :  =  4.10-7 

between  two  power  levels  of  45  and  400  yW. 

The  SC  crystal  is  5  times  better  than 
the  AT  crystal.3 

This  good  performance  is  interesting  for 
the  frequency  adjustment  at  room  temperature 
Decause  the  power  level  in  the  crystal  is  not 
crucial,  and  we  imagine  also,  that  the  aging 
is  better  when  the  non  linear  effects  are  few. 

The  diagram  of  this  80  MHz  oscillator  is 
given  on  figure  4.  The  crystal  works  on  its 
serial  mode.  The  power  level  in  the  crystal 
is  around  300  yW.* 

On  figure  5  we  can  see  the  frequency 
temperature  deviation  for  an  AT  and  SC  cut 
crystal  about  70°  celcius.  The  accuracy  of 
the  inversion  point  of  the  frequency-tempe¬ 
rature  curve  for  the  SC  cut>  is  +  2°C.4 

Figure  6  shews  SC  cut  crystal  aging 

curves. 5 

These  results  were  made  on  10  oscillators. 
The  top  curve  shows  the  minimum  aging  rate 
in  one  year. 

The  inferior  curve  shows  the  maximum 
aging  rate  in  one  year.  The  middle  curve  shews 
the  average  value  of  the  aging  of  the  10 
oscillators  (1.10-7  per  year.) 
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Figure  7  carfares  the  average  value 
of  the  aging  of  AT  and  SC  cuts.  The  average 
aging  of  the  AT  cut  crystal  is  10.1Cr6  per 
year  and  the  average  aging  of  the  SC  cut 
crystal  is  1.10-7  per  year.  The  ratio  is  100. 


5.  C.  Pegeot.  "Etude  comparative  entre 
des  oscillateurs  a  auartz  en  coupe 
AT  et  en  coupe  SC" .  'Revue  l»Chde 
Electrique,  novembre  1979.  Vol.  59. 
N°  11. 


Conclusion 


The  noise  values  are  a  few  better  for 
the  SC  cut  crystal  oscillators  (about  3  dB) 
but  the  aging  rate  is  100  times  better. 

Without  a  filter  or  another  lock  osci¬ 
llator  a  SC  cut  crystal  oscillator  solves 
the  two  problems,  noise  and  aging,  (only 
with  one  crystal) . 

It's  also  a  less  expensive  and  easier 
solution. 

We  think  that  this  new  80  MHz 
oscillator  could  be  applied  in  many  ways 
in  the  telecommunications  field. 
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Figure  3 

SC  cut  crystal  oscillator  performances 


Figure  4 

Diagram  of  the  80  MHz  oscillator 
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Summary 

With  wave  velocities  1.1  to  1.7  times  that 
of  the  Surface  Acoustic  Waves  (SAW),  the  Shallow 
Bulk  Acoustic  Waves  (SBAW)  are  particularly  attrac¬ 
tive  for  high  frequency  applications.  In  this 
paper  an  experimental  2  GHz  SBAW  delay  line  oscil¬ 
lator  is  described  and  its  performance  analyzed. 

The  SBAW  delay  lines  are  fabricated  on  rotated 
Y-cut  quartz  substrates  with  angle  0  near  the 
AT-cut  angle  of  35.25  .  For  these  substrates  the 
SBAW  has  high  velocity  and  a  zero  first  order  tem¬ 
perature  coefficient  of  delay  near  room  tempera¬ 
ture.  Each  delay  line  consists  of  two  identical 
transducers  with  split  finger  configuration  and 
operates  at  the  third  harmonic.  Very  thin  alumi¬ 
num  metallization  is  used  for  the  transducers. 

In  addition,  the  fingers  are  embedded  into  the 
substrate  surface  in  order  to  minimize  diffraction 
loss  at  finger  edges.  The  untuned  insertion 
losses  of  these  SBAW  delay  lines  are  consistently 
less  than  25  dB. 

The  2  GHz  SBAW  delay  line  oscillator  is  con¬ 
structed  with  discrete  components  which  Include 
the  SBAW  delay  line,  amplifier,  external  delay, 
and  output  coupler.  Its  short-term  stability  or 
phase  noise  is  measured  in  the  frequency  domain 
and  the  result  compared  with  theory.  The  medium 
stability  of  temperature  effect  is  measured  as  a 
function  of  the  metallization  thickness  and  the 
crystal  cut  angle  0 .  Data  on  initial  device  burn- 
in  drift  are  also  presented  as  an  indication  of 
the  long-term  aging  characteristic  of  the  SBAW 
oscillator. 

This  work  demonstrates  the  applicability  of 
SBAW  devices  for  frequency  control  above  2  GHz 
using  conventional  photolithographic  techniques. 

By  using  transducers  operating  at  the  fifth  har¬ 
monic,  the  practical  frequency  range  of  SBAW 
devices  is  expected  to  extend  above  3  GHz. 

Introduction 

The  shallow  bulk  acoustic  wave  (SBAW)  pro¬ 
pagating  at  90°  off  the  X-axis  of  the  rotated 
Y-cut  quartz  has  been  studied  extensively  over  the 
past  few  years. It  is  well  known  from  these 


*  This  work  was  partially  supported  by  the  Army 
Office  or  Research  Contract  No.  DAAG26-78-C-0043. 


studies  that  temperature  compensated  cuts  exist 
in  two  ranges  of  the  rotated  Y-cut  angle  0 .  For 
substrates  with  angle  8  near  -50.5°,  the  shallow 
bulk  acoustic  wave  is  a  slow  shear  wave  with  tem¬ 
perature  characteristics  similar  to  that  of  an 
AT  bulk  crystal.  For  substrates  with  9  near  35.5°, 
on  the  other  hand,  the  shallow  bulk  acoustic  wave 
is  a  fast  shear  wave  with  temperature  character¬ 
istics  '"Imilar  to  those  of  the  BT  bulk  crystal. 

In  high  irequency  applications,  the  fast  shear 
wave  is  desirable  not  only  because  its  wave  velo¬ 
city  is  1.6  times  that  of  the  surface  acoustic 
wave  (SAW) ,  but  also  because  the  attenuation  due 
to  material  viscosity  is  much  lower.  It  is 
for  these  reasons  that  the  +35.5*  rotated  Y-cut 
quartz  was  chosen  for  the  construction  of  the 
2  GHz  SBAW  oscillator. 

The  purpose  of  this  paper  is  to  demonstrate 
the  applicability  of  SBAW  device  for  direct  fre¬ 
quency  control  above  2.0  GHz  by  describing  in  detail 
the  construction  and  oerformance  of  an  experimental 
2D  GHz  SBAW  oscillator.  The  areas  of  investigation 
include  delay  line  design  and  fabrication,  metalli¬ 
zation  effects  on  frequency  and  temperature  char¬ 
acteristics,  short-term  phase  noise  spectrum,  and 
temperature  stability.  Data  on  initial  burn-in 
drift  are  also  presented  as  an  Indication  of  the 
long-term  aging  characteristic  of  the  oscillator. 

Construction  of  the  SBAW  Oscillator 

The  SBAW  oscillator  is  very  similar  to  the 
surface  acoustic  wave  (SAW)  delay  line  oscillator, 
as  shown  schematically  in  Figure  1.  A  SBAW  oscil¬ 
lator  consists  basically  of  a  SBAW  delay  line  and 
an  amplifier  in  a  feedback  loop  circuit.  The  con¬ 
ditions  for  oscillation  are  (1)  gain  around  the 
loop  must  exceed  all  losses,  and  (2)  phase  around 
the  loop  must  be  equal  to  a  multiple  of  2«  radians. 
For  single  mode  operation,  the  SBAW  delay  line  must 
have  a  sufficiently  narrow  passband  so  that  it  covers 
only  one  oscillation  mode  in  its  passband.  All 
other  modes  satisfying  condition  (2)  will  lie  in 
the  rejection  band  of  the  delay  line  and  will  not 
oscillate  due  to  lack  of  gain. 

The  photograph  of  the  SBAW  oscillator  is 
shown  in  Figure  2.  Discrete  components  are  used 
in  the  construction  of  the  oscillator.  These 
include  the  SBAW  delay  line,  amplifier,  attenuator, 
some  external  delay  and  an  output  coupler.  The 
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amplifier  has  a  maximum  gain  of  29  dB  and  can  be 
reduced  by  adding  attenuators  in  the  loop  if  re¬ 
quired.  The  use  of  discrete  components  allows 
maximum  flexibility  in  interchanging  individual 
components.  Many  different  SBAW  delay  lines  can 
be  incorporated  into  the  oscillator  circuit  and 
their  performances  analyzed. 

Delay  Line  Design  and  Fabrication 

The  SBAW  delay  line  was  designed  to  satisfy 
the  single  mode  requirement.  It  consists  of  two 
identical  transducers  with  spl.'t  finger  design 
as  shown  schematically  in  Flguva  3.  This  configu¬ 
ration  allows  the  transducer  to  operate  at  the 
third  space  harmonics.  The  number  of  finger  pairs 
in  each  transducer  is  75,  and  the  center-to-center 
separation  between  transducers  is  286  X,  where  X 
is  the  acoustic  wavelength  at  the  operating  fre¬ 
quency.  The  linewidth  of  tue  transducer  is 
0.95  um,  and  the  transducer  aperture  is  90  X. 

The  SBAW  delay  lines  were  fabricated  using 
basically  the  lift-off  technique.  However,  in  the 
case  of  2  GHz  delay  lines,  it  was  necessary  to 
embed  the  metallization  fingers  into  the  quartz 
substrate  in  order  to  minimize  scattering  loss  at 
the  finger  edges. 

The  fabrication  process  for  the  embedded 
transducer  is  shown  schematically  in  Figure  4. 

After  the  photoresist  pattern  was  developed,  the 
stostrate  was  ion-milled  to  create  the  desired 
(!?'■  ove  depth.  Aluminum  metallization  was  then 
evaporated  to  fill  up  the  grooves^  The  metal 
thickness  was  usually  within  100  A  that  of  the 
groove  depth.  This  was  verified  by  surface  pro¬ 
file  measurement  using  a  Dektak  machine.  In  some 
devices  a  titanium  layer  of  30-40  X  were  placed 
between  the  substrate  and  the  aluminum  to  improve 
film  adhesion.  No  significant  difference  in  device 
characteristics  were  observed  for  these  two  types 
of  metallization  schemes. 

Frequency  Characteristics 


Investigate  this  effect,  up  to  30  delay  lines  with 
eight  different  metallization  thicknesses  were 
fabricated  on  35.5°  rotated  Y-cut  quartz.  The 
finger-to-gap  ratios  for  these  delay  lines  are 
generally  of  the  order  of  5  to  1  due  to  overdevelop¬ 
ment  of  photoresist  pattern  during  fabrication. 

Figure  6  shows  the  measured  center  frequency  of 
these  delay  lines  as  a  function  of  normalized  metal 
thickness  t/X  where  t  is  the  metal  thickness  and 
X  is  the  wavelength  at  the  center  frequency.  The 
dependence  on  metal  thickness  is  less  critical  for 
thin  metallizations.  At  400  X  metallization,  for 
example,  a  variation  of  25  A  in  metallization 
thickness  causes  a  1  MHz  change  in  center  fre¬ 
quency  . 

No  special  effort  was  made  during  the  present  in¬ 
vestigation  to  control  the  finger/gap  ratio.  As  a  re¬ 
sult,  the  effect  of  finger  width  on  center  frequency 
has  not  been  thoroughly  investigated.  Table  1  lists 
the  response  of  five  delay  lines  fabricated  simulta¬ 
neously  on  a  single  substrate  of  35.5®  rotated  Y-cut 
quartz.  The  photoresist  pattern  was  developed  by  dip¬ 
ping  the  substrate  into  a  bath  of  resist  developers. 
Different  finger/gap  ratios  were  found  in  each  of  the 
five  delay  lines.  The  center  frequency  was  found  to  be 
lower  for  wider  fingers.  A  total  of  7  MHz  variation  was 
found  for  a  variation  of  metal  coverage  6  from  0.66  to 
0.89,  where  6  is  the  ratio  of  metallized  area/total 
area  in  the  transducer  region.  For  a  more  typical 
fabrication  run,  a  control  of  center  frequency  to 
within  2  MHz  can  usually  be  achieved. 

The  center  frequency  of  the  SBAW  delay  line 
car  also  be  adjusted  by  fabricating  the  delay  line 
os  substrate  with  different  rotation  angle  6 . 

Figure  7  shows  the  dependence  of  SBAW  velocity  as 
a  function  of  6  near  the  35.5°  region.  The  theo¬ 
retical  solid  line  has  been  calculated  using  a 
method  reported  previously.®  The  experimental 
points  were  obtained  by  dividing  the  center  fre¬ 
quency  of  the  delay  line  with  the  acoustic  wave¬ 
length  X  of  2.533  pm.  The  data  for  the  38° 
rotated  Y-cut  quartz  were  collected  by  measuring 
four  separate  delay  lines. 


A  typical  frequency  response  of  one  SBAW 
delay  line  is  shown  in  Figure  5.  Theodevice  shown 
in  this  figure  was  fabricated  on  35.5  rgtated 
Y-cut  quartz  with  wave  propagation  at  90  off  the 
X-axis.  The  metallization  used  was  40  X  Ti/420  X 
At,  and  the  groove  depth  was  400  X.  The  device 
has  an  untuned  insertion  loss  of  22.5  dB  and  a 
3  dB  bandwidth  of  5.4  MHz.  Its  phase  slope  was 
equal  to  360°  per  7  MHz  and  the  single  mode  re¬ 
quirement  is  easily  met.  The  only  other  "spurious" 
respoase  of  the  delay  line  is  the  fundamental  fre¬ 
quency  response  at  671  MHz.  The  insertion  loss  of 
the  fundamental  response  is  32  dB  and  is  10  dB 
down  from  the  third  harmonic  passband.  By  match¬ 
ing  the  delay  line  at  the  third  harmonic,  the 
fundamental  frequency  response  can  be  further 
suppressed  by  at  least  another  10  dB. 


Phase  Noise  -  Short  Term  Stability 


For  a  feedback  oscillator  such  as  the  SBAW 
delay  line  oscillator,  the  amplifier  is  operating 
in  a  saturated  condition  suppressing  the  AM  noise. 
The  dominant  noise  is  thus  FM.1®  The  equation 
for  the  single-sideband  noise  spectrum  of  such  an 
oscillator  has  been  worked  out  by  Parker  for  the 
case  of  SAW  delay  line  oscillator.*-1  It  is 
expressl'i"  gives  the  FM  single-sideband  noise 
power  relative  to  the  carrier  in  a  1  Hz  bandwidth 
as  a  function  of  the  Fourier  or  modulation  fre¬ 
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Similar  to  high  frequency  SAW  devices ,  the 
electrode  width  (or  finger  width)  and  the  metal  film 
thickness  of  the  SBAW  transducers  have  a  significant 
effect  upon  the  center  frequency  and  the  tempera¬ 
ture  characteristics  of  the  SBAW  delay  line.  To 


where 

a  ■  flicker  noise  parameter  (sec  ) 

T  *  group  delay  P  a  loop  power 

G  »  amplifier  gain  c 

F  -  noise  figure  kT  **  thermal  energy 
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Application  of  this  noise  theory  to  the 
2  GHz  SBAW  delay  line  oscillator  yields  a  theo¬ 
retical  noise  floor  of  -153  dBc/Hz  and  a  noise 
floor  intercept  point  at  1.12  MHz.  The  parameters 
used  in  this  calculation  are  summarized  in  Table  2. 
Figure  8  shows  the  theoretical  and  experimental 
single-sideband  noise  spectrum  of  the  2  GHz  SBAW 
delay  line.  The  experimental  data  was  obtained  by 
using  the  SBAW  delay  line  on  35.5°  rotated  Y-cut 
quartz  whose  frequency  response  was  shown  in 
Figure  5.  The  amplifier  gain  was  set  so  that  it 
is  3  dB  more  than  the  delay  line  insertion  loss. 

The  measurement  was  done  at  TRW  Metrology  using 
the  single  oscillator  technique. ^  The  phase 
noise  spectrum  shows  a  20  dB/decade  decrease  in 
noise  for  Fourier  frequency  (modulation  frequency) 
between  2  kHz  and  1.12  MHz.  Below  2  kHz  the  1/f 
noise  results  in  a  30  dB/decade  slope.  For  this 
result,  the  flicker  noise  parameter  a  is  estimated 
to  be  6  x  10-12  sec“2.  This  value  is  comparable 
to  values  between  2  x  10-10  sec”l  and  6  x  10“13 
sec--*-  measured  for  SAW  delay  line  oscillators. ^ 

Temperature  Coefficient  of  Delay  - 
Medium  Term  Stability 

The  temperature  stability  of  the  SBAW  delay 
line  oscillator  is  controlled  by  the  temperature 
behavior  of  the  SBAW  delay  line.  For  SBAW  in 
rotated  Y-cut  quartz  with  9  near  35  degrees,  the 
temperature  behavior  is  parabolic  with  zero  first 
order  coefficient  of  delay  occurring  at  some  turn¬ 
over  temperature  TQ  and  a  second  order  temperature- 
coefficient  of  delay  of  approximately  52  x  10~9/°C  . 
The  dependence  of  the  turn-around  temperature  Tq 
on  the  rotation  angle  9  of  the  substrate  is  shown 
in  Figure  9.  This  theoretical  curve  is  obtained 
by  methods  described  in  Reference  9.  By  choosing 
the  proper  9 ,  one  selects  the  temperature  charac¬ 
teristics  of  the  SBAW  oscillator. 

The  temperature  behavior  of  two  specific  sub¬ 
strates  is  shown  in  Figure  10.  Experimentally, 
however,  the  curves  are  all  shifted  toward  lower 
temperatures.  The  reason  for  this  is  because  the 
substrate  surface  is  covered  by  metal.  Similar  to 
the  center  frequency,  the  temperature  characteris¬ 
tic  of  the  SBAW  delay  line  is  affected  by  both  the 
metal  thickness  and  the  percent  of  metal  coverage. 
Figure  11  is  an  attempt  to  indicate  the  magnitude 
of  such  an  effect  due  to  metal  thickness.  The  data 
were  collected  on  both  35.5°  and  38°  rotated  Y-cut 
substrates.  The  dotted  line  is  just  an  eyeball  fit 
to  the  experimental  points.  This  investigation  of 
the  temperature  effect  is  only  preliminary  since 
no  special  effort  was  made  to  control  the  finger/ 
gap  ratio  to  high  accuracy.  Scattering  of  T  at 
the  order  of  30°C  can  sometimes  be  observed  ?or 
similar  metallization  thicknesses. 

Initial  Aging  Data 

To  get  an  estimate  of  the  aging  characteris¬ 
tics  of  the  SBAW  oscillator,  a  delay  line  using 
38°  rotated  Y-cut  ojartz  was  hermetically  sealed 
in  a  nitrogen  environment  and  tested  for  initial 
burn-in  drift.  In  this  experiment  the  substrate 
was  mounted  on  a  flatpack  using  RTV.  The  device 
is  then  cleaned  and  vacuum  baked  before  sealing. 

A  leak  test  was  performed  to  Insure  the  hermaticity 


of  the  package.  The  oscillator  is  then  placed 
in  an  oven  at  50.5° C.  For  this  test,  the  short¬ 
term  oscillator  stability  as  indicated  from  the 
frequency  counter  is  better  than  10-8/sec.  The 
initial  aging  data  over  a  period  of  48  hours 
is  shown  in  Figure  12. 


Conclusion 

In  conclusion,  we  have  demonstrated  the 
applicability  of  SBAW  for  direct  frequency  control 
at  frequencies  above  2  GHz  using  only  conventional 
photolithographic  techniques.  Oscillators  with 
characteristics  similar  to  this  experimental  2  GHz 
delay  line  oscillator,  as  summarized  in  Table  3, 
can  be  produced  in  large  quantity  and  at  a  low 
cost.  Previous  oscillators  using  SAW  delay  lines 
at  comparable  frequencies  required  either  electron 
beam  lithographic  technique^  for  device  fabrica¬ 
tion  or  AS.N/AS.2O3  as  SAW  substrates.  This  AfN/ 
AA2O3  substrate  has  so  far  been  found  to  be  very 
difficult  to  prepare.  Using  a  linewidth  of  0.6  pm, 
the  present  design  can  be  extended  to  above  3  GHz. 
Higher  harmonic  SBAW  transducers  have  also  been 
demonstrated  at  TRW.  Preliminary  data  shows 
that  using  fifth  harmonic  transducers  a  3.5  GHz 
SBAW  delay  line  can  be  fabricated  with  an 
insertion  loss  of  less  than  35  dB. 
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Table  1.  Reproducibility  Data  of  2  GHz 
SBAW  Delay  Line  on  35.5“ 
Rotated  Y-Cut  Quartz. 
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Table  2.  Oscillator  Parameters. 


AMPLIFIER  GAIN 

G 

25  dB 

NOISE  FIGURE 

F 

6  dB 

LOOP  POWER 

Pc 

10  dB 

GROUP  DELAY 

T 

0.142  mSEC 

Table  3.  Characteristics  of  the 

2  GHz  SBAW  Oscillator. 

FREQUENCY 

2014.5  MHz 

LOOP  POWER 

10  dBm 

POWER  OUTPUT 

~  U.5  dBm 

DELAY  LINE  INSERTION  LOSS 

22  dB 

FREQUENCY  STABILITY 
(PHASE  NOISE) 

-  55  dB</Hz  AT  100  Hz 

-  84  dBq/Hz  AT  1  kHz 
NOISE  FLOOR  AT  1  MHz 
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ZERO  Ut  ORDER 
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Figure  1.  SBAW  Oscillator  Schematic. 


Figure  2.  2  GHz  SBAW  Delay  Line  Oscillator. 
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Figure  3.  SBAW  Delay  Line  Design. 
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Figure  4,  SBAW  Delay  Line  Fabrication. 


Figure  5.  2  GHz  SBAW  Delay  Line  on  35.5* 

Rotated  Y-Cut  Quartz. 


Figure  6.  Dependence  of  Center  Frequency  as 
a  Function  of  Normalized  Metal 
Thickness. 


Figure  7 .  Dependence  of  SBAW  Velocity  as 
a  Function  of  0  in  Rotated 
Y-Cut  Quartz. 


Figure  8.  Single  Sideband  Phase  Noise  of 
the  2  GHz  SBAW  Oscillator. 
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ROTATION  ANGLE  6  (DEG) 


Figure  9.  Dependence  of  turnover 

Temperature  on  6  for  SBAW 
in  Rotated  Y-Cut  Quartz 


Figure  10.  Theoretical  and  Experimental 
Temperature  Behavior  of  SBAW 
Delay  Line  on  Rotated  Y-Cut 
Quartz. 
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Figure  11.  Turnover  Temperature  vs. 

Normalized  Thickness  of 
Aluminum  Film  on  Rotated 
Y-Cut  Quartz  Near  AT-Cut 
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Figure  12.  Initial  Aging  Data  of  the 
2  GHz  SBAW  Oscillator. 
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Abstract 

Direct  Microwave  Bulk  Acoustic  Resonator  Osci¬ 
llator  Stabilization  has  previously  been  identified 
as  a  possible  low  cost  alternative  to  the  quartz 
crystal  multiplier  chain.  The  bulk  acoustic  reson¬ 
ator  additionally  has  the  potential  for  frequency 
agility.  Previously  the  resonator  based  on  several 
high  Q  media  has  been  described,  though  none  with 
zero  temperature  coefficient.  The  resonator  geom¬ 
etry  and  oscillator  noise  performance  have  been 
given  only  limited  characterization. 

In  this  paper  zero  temperature  coefficient  cuts 
of  lithium  tantalate  will  be  mapped.  Though  pre¬ 
viously  identified  to  exist  in  shear  mode,  exten¬ 
sive  mapping  of  these  zero  temperature  cuts  has 
not  been  carried  out.  Mapping  will  be  presented 
for  a  one  dimensional  one-half  wavelength  resonator 
geometry  for  both  resonance  and  anti-resonance. 
Complete  families  of  orientations  will  be  provided. 
It  should  be  noted  that  orientations  for  each 
order  of  resonator  overtone  must  be  individually 
computed.  Only  the  first  order  are  presented. 
Results  are  compared  with  computed  and  measured 
results  from  the  literature. 

The  effect  of  anisotropy  on  Q  of  trapped  modes 
will  also  be  presented.  For  this  purpose  anisotropy 
has  been  expressed  in  a  circurly  symmetric  manner. 
For  orientations  close  to  the  propagation  direction 
this  leads  to  a  good  approximation  of  actual  per¬ 
formance.  Anisotropy  has  been  found  to  be  very 
critical  to  high  Q.  Curves  of  Q  value  vs.  wave 
propagation  anisotropy,  based  on  crystallographic 
data  show  expected  Q  values  for  resonator  mode  from 
spinel,  sapphire,  and  diamond. 

Noise  measurements  are  provided  for  a  microwave 
bulk  acoustic  resonator  stabilized  oscillator 
operating  at  x-band. 

Introduction 

The  thrust  for  a  technically  and  economically 
well-balanced  hardware  realization  of  low  noise 
microwave  stable  local  oscillators  has  led  to  the 
examination  of  alternatives  to  the  quartz  crystal- 
multiplier  chain.  One  such  alternative  is  the  high 
overtone  acoustic  bulk  mode  resonator.  Our  exami¬ 
nation  of  the  properties  of  this  type  of  resonator 
has  initially  centered  on  the  longitudinal  mode 
over  a  frequency  range  of  300  MHz  to  12  GHz. 

Operation  of  the  high  overtone  resonator,  pre¬ 
viously  described  by  Moore,  et  al.,  is  somewhat 


1  2 

analgus  to  an  optical  Fabray-Perot  Resonator.  ' 

A  transducer  as  suggested  in  Figure  1  launches  an 
acoustical  wave  toward  the  opposite  face.  For  fre¬ 
quencies  for  which  the  round  trip  distance  is  a 
multiple  of  an  acoustic  wavelength,  phase  support 
and  a  resonant  build  up  of  energy  occurs.  For 
most  cases  for  which  resonators  have  been  fabricated 
two  transducers  were  used  on  the  opposite  crystal- 
faces  for  operation  as  a  transmission  resonator. 


Figure  1.  Geometry  of  high  overtone  Microwave 

Acoustic  Resonator  showing  substrate  and 
transducer  detail. 

The  use  of  a  separate  resonant  body  and  electro- 
acoustical  coupling  mechanism  has  two  key  advantages: 

(a)  A  much  higher  overtone  resonance  becomes 
practical 

(b)  The  resonator  itself  is  not  restricted  to 
being  piezoelectric. 

By  using  a  separate  transducer,  coupling  is  not 
limited  by  high  overtone  levels  of  operation.  Op¬ 
eration  at  these  frequencies  is  allowed  even  with 


*  The  work  reported  in  this  paper  has  been  supported 
in  part  by  Contract  F19628-78-C-0108,  Hanscom  Air 
Force  Base,  Massachussetts  01731 
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resonator  thickness  up  to  a  large  fraction  of  a 
millimeter.  Figure  2  shows  the  periodic  response 
of  a  high  overtone  resonator.  Because  the  sub¬ 
strate  need  not  be  piezoelectric  for  coupling,  a 
large  variety  of  media  with  Q's  an  order  of  mag¬ 
nitude  greater  than  quartz  are  available.  Curves 
of  crystalline  Q  vs.  frequency  previously  have 
been  provided  for  sapphire,  YAG,  spinel  and  ^  2 
lithium  niobate  in  comparison  to  that  of  quartz.  1 


BULK  WOOL  MSOAATO*  -  (CM  IAS0 
!r» 3 WWStKJCNS  ON  SMMl 
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Figure  2.  Frequency  response  of  high  overtone 
bulk  acoustic  microwave  resonator. 

Resonators  have  been  fabricated  for  a  variety 
of  substrate  media  and  overtone  levels.  Table  1 
provides  an  example  of  typical  parameters  achieved 
for  a  variety  of  materials.  Though  these  measure¬ 
ments  do  not  represent  a  sufficiently  large  scope 
to  completely  parameterize  the  resonator,  certain 
trends  can  be  identified.  At  least  three  of  the 
materials,  sapphire,  YAG,  spinel  have  reasonably 
high  Q's.  Diamond  by  contrast  shows  a  lower  Q. 

Also,  higher  overtone  (same  wavelength)  resonators 
typically  display  higher  Q's.  The  reason  for 
this  would  appear  to  be  transducer  loading,  de¬ 
grading  reflecting  surface  effects,  diffraction 
and  lack  of  parallel sm.  Even  so  a  Q  of  20,000  is 
identified  and  Q's  of  5,000  to  10,000  appear  to 
be  typical.  For  all  but  the  diamond,  frequency  - 
Q  (FQ)  products  are  greater  than  1013  from  L  through 
X  bands. 

Further,  previous  reports  have  provided  an 
initial  description  of  the  resonator  geometry, 
example  responses  at  microwave  frequencies  and 
example  velocities,  two  dimensional  power  flow  angle 
and  temperature  coefficients  for  circular  cuts^ig  , 
lithium  niobate,  sapphire,  diamond  and  spinel.  '  ’ 

In  this  paper,  besides  intrinsic  Q,  effects  of  key 
crystalline  and  geometric  parameters  critical  to 
achieving  high  Q,  crystalline  anisotropy  and  re¬ 
flecting  surface  parallelism  are  reported.  Tempera¬ 
ture  characteristics  of  a  zero  temperature  cut  of 
lithium  tantalate,  not  previously  provided  are 
given.  Further,  the  use  of  the  resonator  for  di¬ 
rect  microwave  oscillator  stabilization  is  described 
and  an  example  phase  noise  profile  provided. 


Crystalline  Anisotropy 

As  Fabry-Perot  optical  resonators,  losses 
which  detract  from  Q  include  coupling  or  external 
Q,  lack  of  parallelism  and  diffraction.  One  crystal¬ 
line  mechanism  which  can  be  used  to  minimize  dif¬ 
fraction  losses  in  beam  mode  acoustic  resonators  is 
crystalline  anisotropy.  Positive  (converging)  ani¬ 
sotropy  has  the  effect  of  tending  to  collimate  the 
acoustic  energy  leaving  transducers  or  reflected 
from  either  surface.  Spread  of  the  energy  beyond 
the  areas  covered  by  the  transducers  is  reduced, 
reducing  diffraction  losses  ar.d  increasing, Q. 

It  might  be  suggested  that  an  increase  in  the 
transducer  aperture  dimensions  would  have  an  equiva¬ 
lent  effect.  Though  this  is  true  in  principle,  to 
minimize  diffraction  losses  by  transducer  aperture 
alone  would  have  serious  disadvantages:  (1)  the 
size  of  the  transducer  required  to  achieve  Q's  e- 
quivalent  to  those  achieved  could  be  excessive,  (2) 
losses  due  to  other  mechanisms  beyond  the  transducer 
aperture  would  be  more  difficult  to  control,  (3) 
transducer  loading  of  a  transducer  sufficiently  large 
to  control  diffraction  losses  would  itself  incur* 
excessive  transducer  loading. 

Computation  of  the  effect  of  anisotropy  on  Q 
has  been  caried  out  by  an  approach  analogus  to  that 
used  by  Goodell  to  evaluate  acoustic  energy  distri-  , 
bution  in  high  overtone  beam  mode  acoustic  resonators. 
Goodell  computed  the  acoustic  energy  distribution 
by  iterating  a  reverberating  wave  between  two  re¬ 
flecting  surfaces,  one  containing  a  transducer, 
until  the  wave  substantially  repeated  itself  on  suc¬ 
cessive  reverberations.  The  energy  distribution  of 
the  reverberating  wave  was  assumed  to  be  an  approxi¬ 
mation  of  the  energy  distribution  in  the  resonator. 
Resonance  was  identified  by  the  frequency  for  which 
a  .maximum. energy  build  up  occurs.  Q  was  measured 
by  varying  the  frequency  through  resonance  in  suf¬ 
ficiently  small  steps  that  a  resonance  curve  collld 
be  drawn  and  bandwidth  determined. 

Functions  expressing  a  circurly  symmetric  ani¬ 
sotropy  were  introduced  into  the  integral- equation 
for  the  reverberating  wave  to  provide  an  approximate 
evaluation  of  the  effect  of  anisotropy.  In  the 
analysis  assuming  isotropic  media  the  phase  functions 
were  expressed  as 

i  k  ’  R  (1) 

e 

where  k  is  the  vector  number  2v  (T  : —  +  J  —  +  k  i) 

A  x  A  y  Az 

and  R  is  the  position  vector  i(x-xo)  +  j  (y-yo^  +  k  (z- 
For  anisotropic  media,  Eq.  (1)  is  replaced  by 

i  k  R  F  (e)  (2) 

e 

where  k  =  R  =  /(x-xo)2  +  (y~yo)2  *  (z-z  )2. 

Two  forms  of  F(0)  were  explored,  a  first  order  and  a 
second  order,  respectively. 

Fx  ( e)  =  i  -  k |e I 

F2  (6)  =  1  -  K*e  2  (3) 
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TABLE  I 


Example  Resonators  Tested  Prom  L  to  X  Band  Frequencies 


Material 

Q  . 

Frequency 

GHz 

Diamond 

(111) 

1567 

2.7117 

.42 

Diamond 

(111) 

2697 

2.5885 

.70 

Diamond 

(111) 

1385 

2.5244 

.35 

Sapphire 

8532 

2.7155 

2.32 

Sapphire 

8521 

2.1179 

1.80 

Sapphire 

8938 

3.7086 

3.31 

Sapphire 

(X-Band) 

6454 

7.6623 

4.94 

YAG 

(100) 

4508 

3.4147 

1.54 

YAG 

(100) 

7659 

3.3887 

2.60 

YAG 

(100) 

7899 

3.4439 

2.72 

Spinel 

(111) 

4763 

3.3460 

1.59 

Spinel 

(111) 

5329 

3.3415 

1.78 

Spinel 

(111) 

14926 

2.1311 

3.18 

Spinel 

(111) 

20000 

1.2168 

2.43 

In  both  cases  #  is  the  angular  deviation  from  the 
axis  of  the  resonator.  Values  of  K  and  K  were 
determined  emperically  to  provide  a  best  fit  to 
computed  ve  ocity  curves. 

After  the  process  of  iteratively  determining 
the  steady  state  acoustic  energy  distribution,  at 
successive  frequencies,  a  resonance  curve  and  the 
value  of  Q  were  computed.  This  process  was  re¬ 
peated  for  a  sequence  of  values  of  anisotropy. 

An  example  curve  for  which  a  first  order  anisotropy 
approximation  was  used  is  shown  in  Figure  3.  Also 
indicated  in  Figure  3  are  the  anisotropies  of  crys¬ 
talline  types  used  for  experimentation.  The  range 
of  experimental  Q's  obtained  for  each  material  are 
indicated.  It  should  be  noted  that  the  curves 
denote  the  diffraction  limited  Q's  for  the  indi¬ 
cated  anisotropy.  Less  Q  may  be  experienced  due 
to  other  sources  of  loss.  Figure  3  it  appears 
that  sapphire  and  from 


Loss 

Overtone 

Temp.  Co-e 
PPM 

f.  of  Delay 
/°C 

dB 

Number 

Calculated 

33.3 

8.14 

8 

33.4 

7.4 

8 

38.8 

6.5 

8 

30.0 

31.92 

34 

22 

4.3 

31.45 

34 

19 

5.0 

28.84 

34 

39 

60.0 

33.19 

34 

31 

5.0 

37.86 

41  | 

22 

5.0 

37.60 

41 

32 

5.0 

37.78 

41 

10 

12.8 

32.84 

28 

22 

12.5 

32.78 

28 

35 

15.7 

32.07 

28 

22 

16.0 

_ 1 

Not 

Measured 

28 

diamond  display  Q's  which  reasonably  approximate 
that  obtained  experimentally.  However,  the  Q's  of 
spinel  and  YAG  were  greater  than  indicated  by  the 
curve.  This  is,  at  least,  partly  because  the  reson¬ 
ators  evaluated  cover  a  wider  range  of  parameters 
than  are  covered  in  Figure  3.  Further  computations 
are  being  carried  out  to  achieve  an  improved  cor¬ 
relation  with  anisotropy  and  Q  values  over  a  wide 
range  of  potential  resonator  parameters.  A  family 
of  curves  is  anticipated. 

Parallelism  of  Reflecting  Surfaces 

Lack  of  complete  parallelism  between  the  reson 
ators  degrades  Q  values  because  energy  fed  back 
from  the  tilted  face  only  partially  interacts  with 
the  driver  due  to  lateral  beam  displacement.  Thus 
a  tilted  resonator  face  introduces  an  additional 
loss  factor  into  the  resonator  which  degreades  Q 
values  by  amounts  roughly  proportional  to  the 
tilt.  Figure  4  shows  typical  computed  Q  value 
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degradation  vs.  plate  tilt  in  a  single  port  resona¬ 
tor  comprising  Z  cut  Al.O,  (optimum  anisotropy) . 

The  resonator  is  0.020"  thick  and  contains  a  0.004" 
by  0.006"  transducer. 


Figure  3.  Curve  of  Q  vs.  anisotropy  for  a  trans¬ 
ducer  aperture  of  2  mils. 
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Figure  4.  Q  vs.  deviation  from  parallel  faces  for  Z 
cut  Al^Oj  for  optomum  anisotropy. 


With  the  availability  of  high  Q  microwave  res¬ 
onators  ,  an  order  of  magnitude  higher  than  could  be 
projected  for  quartz  even  if  they  were  available, 
it  is  natural  to  explore  means  for  direct  stabili¬ 
zation  of  low  phase  noise  microwave  oscillators. 
Further,  by  virtue  of  the  high  overtone  nature  of 
the  resonator,  the  possibility  of  selectively  stabi¬ 
lizing  over  any  one  of  the  overtones  on  command  sug¬ 
gests  the  possibility  of  a  direct  microwave  frequency 
stabilized  low  phase  noise  synthesizer.  This  sug¬ 
gests  the  possibility  of  a  synthesizer  with  an  im¬ 
mensely  reduced  mechanization  when  it  is  considered 
that  all  other  forms  of  low  noise  rapidly  switchable 
microwave  oscillators  require  a  low  frequency 
reference  source.  Typical  competing  oscillators 
along  with  a  summary  comparison  of  these  oscillator 
types  to  the  bulk  acoustic  stabilized  oscillators 
are  given  in  Table  II.  Though  this  comparison  is 
very  brief  it  does  suggest  that  the  bulk  acoustic 
oscillator  can  provide  Jow  phase  noise  multiplier 
selectable  frequency  operation  with  considerably 
less  hardware  than  present  techniques. 

To  achieve  rapid  tuning  and  select  the  resonant 
frequency  of  interest,  a  low  noise  VCO  is  used  in  a 
phase  reference  feedback  loop  containing  the  bulk 
acoustic  resonator.  An  example  implementation  is 
shown  in  Figure  5.  The  useful  output  is  generated 
by  a  voltage  controlled  oscillator  (1) .  A  sample 
of  the  frequency  of  the  VCO  (1)  is  applied  to  the 
bulk  mode. resonator  (2)  and  to  the  digitally  con- 
trolied  phase  shifter  (3).  Both  signals  are  then 
applied  to  I-Q  mixers,  (4&5)  as  commonly  practiced 
in  radar  receivers.  When  phase  shifter  (3)  is  cor¬ 
rectly  adjusted,  the  voltage  out  of  Q  mixer  (4)  is 
proportional  to  the  error  between  the  VCO  frequency 
(1)  and  that  of  the  desired  transmission  response  of 
the  bulk  resonator  (4) ,  if  the  VCO  is  within  the 
bandwidth  of  the  desired  resonator  response.  This 
error  signal  is  amplified  by  the  video  amplier  (6), 
whose  output  is  used  to  tune  the  VCO  (1)  to  the  de¬ 
sired  frequency. 

The  digital  controller  (8)  tunes  the  VCO  (1)  to 
the  nominal  desired  frequency  by  addressing  the  digi- 
tal-to-analog  converter  (7)  with  the  appropriate  con¬ 
trol  word,  as  determined  by  stored  data  or  some  means 
of  active  calibration.  The  digital  controller  (8) 
also  adjusts  phase  shifter  (3)  to  the  correct  setting 
by  means  of  monitoring  the  X-Q  mixers,  (4)  and  (5), 
adjusting  the  phase  shifter  until  the  desired  signals 
appear  at  these  mixers.  The  phase  shifter  is  assumed 
to  be  correctly  set  when  approximately  zero  volts 
appears  at  Q  mixer  (4)  and  a  positive  voltage  of 
some  minimum  amplitude  appears  at  the  I  mixer. 

Short  term  stability  of  the  bulk  acoustic 
resonator  (BAR)  synthesizer  is  limited  to  modulation 
rates  between  several  Hz  and  several  KHz  by  resonator 
Q,  video  amplifier  noise,  and  VCO  AM  noise  is  detected 
by  the  mixer.  Above  several  KHz  It  is  limited  by  VCO 
phase  noise  as  modified  by  loop  gains. 

The  low  frequency  phase  noise  contributed  by 
the  loop  video  is: 
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table  IX 


COMPARISON  OF  LOW  NOISE  MICROWAVE 
OSCILLATORS  FOR  FREQUENCY  AGILE  RADAR  REQUIREMENTS 


Tvpe 

Mechanization 

Single 

Freq. 

Multiple 

dFreq. 

Switching 

Speed 

Useful  Freq. 
Range 

Size* 

(Cu.  In.) 

Weight 

lb. 

Bulk  Acoustic  Wave 
BAR  Stabilized 

On  Frequency 

OSC  with  phase 
reference  to 
feedback  loop. 

Digital  Con¬ 
trolled  VCO 
with  phase 
reference 
to  feedback 
loop. 

32 

f 

3-10)18 

200  Mrfz  to 

10  GHz. 
(multipli¬ 
cation  to 
higher  fre¬ 
quency)  . 

72 

1.2 

VHF  Crystal 
Controlled  Oscil¬ 
lator  Multiplier 

Direct  out¬ 
put. 

Multiple 

crystals. 

32 

f 

(f  VHF) 

1ms 

100MHz  to 

100  GHz. 

480 

8 

Overtone  Oscil-ator 
lator  with  phase 
locked  Microwave 
oscillator 

Single  conver¬ 
sion  phase  lock 
loop. 

Variable  IF 
phase  lock 
loop. 

Limited  by 
VCO  post 
tuning 
drift 

3  -  lOjis. 

100  MHz 
to  20  GHz 
(multipli¬ 
cation  to 
higher  fre¬ 
quencies)  . 

360 

66 

Count  down 

Microwave  oscil¬ 
lator  Phase 
locked  to  VHF 
Crystal 

VCO  frequency 
counted  down 
to  crystal 
controlled 
phase  locked 
loop. 

Variable 

count 

ratio. 

Limited  by 
narrow 
loop  band 
width 

1ms 

100  MHz  to 

2  GHz  (ex- 
extended 
multiplica¬ 
tion)  . 

240 

4 

*Based  on  50  switchable  output  frequencies. 


Ll  Cf> 


where: 


8  E2  f2 


Figure  5.  Implementation  of  BAR  Synthesizer  at 
X-Band. 


L 


L(f)  is  the  single  side  phase  spectral  density 

(Hz  ) 


B  is  the  BAR  bandwidth 
~2 

eQ  is  the  video  amplifier  white  noisje  voltage 
density  at  frequencies  f  (volts  /Hz) 

E  is  the  mixer  phase  sensitivity  (volts/radian) 

f  is  the  modulation  rate  of  interest 


The  AM  noise  on  the  VCO  and  its  power  amplifier  re¬ 
sult  in  FM  noise  since  the  mixer  LO  Port  act  as  an 
(inefficient)  AM  detector.  AM  noise  on  the  LO  port 
produces  a  video  noise  voltage  in  the  loop  which 
modulates  the  close  loop  frequency.  This  effect  is 
quantified  as 


L 

A 


(f) 


B2  I2  f  M(f  ) 
_  o  o 

2f3 
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where: 


La  (f)  is  the  resultant  phase  spectral  density  at 
frequency  f 

B  is  the  BAR  bandwidth 

I  is  the  fractional  change  in  mixer  video  voltage 
per  fractional  change  in  LO  power,  as  calculated 
from  typical  mixer  data.  ' 

M(f  )  is  the  1/f  AM  spectral  density  at  frequency 
0  f  . 

The  fo  0 

The  following  set  of  values  are  assumed  as  an 
example 

F  -  8  GHz,  Q  -  6000,  B  -  1.3  MHz 
2  —18  2 

e  «  4x10  volt  /Hz  at  fo  «  1000 
o 

E  ■  0.1  volts/Radian 
f  -  1000  Hz 

I  «  0.12,  for  a  typical  X-band  mixer 

M(fQ  “  1)  -  10-11  for  an  X-band  bipolar  transistor 

Then  l-L(f)  -  -100.7  db/Hz,  falling  at  20  dB  decade. 
These  numbers  relate  to  measured  characteristics 
of  an  X-band  BAR  and  to  realistic  video  amplifier 
and  mixer  parameters.  Currently  L,(f»1000)  “ 
-99dB/Hz.  Had  an  FET  been  used  with  noise  30  dB 
greater  than  the  bipolar  transistor,  the  |_A(f) 
would  have  been  -69  dB/Hz. 

The  high  frequency  noise  floor  associated 
with  the  BAR  stabilized  source  is  only  weakly  in¬ 
fluenced  by  the  resonator  Q.  Rather,  it  is  deter¬ 
mined  by  the  open  loop  VCO  phase  noise  and  stabi¬ 
lization  loop  servo  bandwidth. 

The  phase  noise  floor  in  such  a  loop  is  approxj 
mately  the  value  of  the  VCO  phase  noise  at  the  loop 
bandwidth.  X-Band  VCOs  tuning  600  MHz  reach 
-130dB/Hz  at  f  ■  1  MHz,  if  mechanized  with  low 
power  bipolar  transistors.  One  MHz  is  reasonable 
loop  bandwidth  so  a  noise  floor  of  -130dB/Hz  is 
reasonably  achievable. 

The  predicted  noise  performance  with  a  BAR 
synthesizer,  based  on  measured  data  for  various 
components,  is  described  in  Figure  6  where  it 
is  seen  to  compare  favorably  with  typical  air¬ 
borne  RADAR  stability  requirements  at  X-band. 

Stabilization  of  an  X-band  source  with  a  bulk 
acoustic  resonator  has  been  achieved.  The  reson¬ 
ators  has  a  Q  of  approximately  3500  and  the  sources 
operated  at  8  GHz. 

Phase  noise  was  investigated  using  a  phase 
lock  method.  The  experimental  results  shown  in 
Figure  7  offer  promise  of  radar  application  of 
BAR  stabilized  sources.  The  discrepancy  between 
experimental  results  and  theoretical  predictions, 
approximately  7db,  is  the  subject  of  on  going 
studies. 


Figure  6.  Predicted  BAR  Stabilized  Microwave  Oscil¬ 
lator  Phase  Noise. 


L  (F). 


Figure  7.  Measured  and  Computed  Noise  on  Same 
Scale. 

Temperature  Coefficient 

A  high  Q  resonator  is  most  attractive  if  it 
has  a  zero  temperature  coefficient  for  much  if  not 
all  of  the  temperature  range  in  which  equipment  must 
normally  perform.  Previously  we  have  presented  jata^ 
on  all  the  high  Q  media  discussed  in  this  paper.  '  ’ 
None  except  lithium  tantalate  appear  to  offer  any 
possibility  of  a  zero  temperature  cut.  Lithium 
tantalate  suggests  the  possibility  of  shear  mode  op¬ 
eration  with  zero  temperature  coefficient.  This  pos¬ 
sibility  has  been  presented  previously  by  Murphy, 
et.al.,  who  discussed  zero  temperature  coefficient 
from  the  point  of  view  of  infinite  medium  plane 
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(10) 


wave  propagation.  In  this  paper  we  discuss  zero 
temperature  cuts  of  lithium  tantalate  for  which 
reflective  surface  boundaries  exist. 


The  electrical  impedance  of  a  thickness  mode 
resonator  was  calculated  first  by  Tiersten  and 
later  ig  a  more  elegant  manner  by  Yamada  and 
Niizeki  .  The  expression  derived  by  Yamada  and 
Niizeki  for  the  reactance  of  a  fully  electroded 
infinite  plate  resonator  is 


Z 


tan  Xi] 

:ci  J 


where  Xi  =  uh 
2  V1 


(6) 


and  w  »  angular  frequency 
h  «*  plate  thickness 

=  phase  velocity  of  l*"*1  acoustic  wave  in 
the  direction  of  h 


=  the  bulk  wave  coupling  factors 


2  AVI 
Vi 


TC  =  FRCT+AT)  -  FR  (T) 

AT*FR(I) 

when  FR  stands  for  the  either  resonance  or  anti¬ 
resonances.  The  anti-resonance  modes  are  identical 
with  the  bulk  waves  in  an  infinite  medium  so  that 
for  these  modes,  the  temperature  coefficient  of 
frequency  is  just  the  negative  of  the  temperature 
coefficient  of  delay. 

The  resonance  modes  on  the  other  hand  can  be¬ 
have  very  differently  because  they  are  affected 
by  the  tjemperature  dependance  of  the  coupling  con¬ 
stant  k^  as  well  as  on  the  position  of  the  anti¬ 
resonance  mode.  Figure  8  shows  the  definition  of 
angles  for  the  plate  orientation  and  Figure  9 
through  17  show  the  first  order  temperature  coef¬ 
ficients  of  the  resonances  and  the  anti-resonances 
and  the  coupling  factors  defined  by  Eqn  6  all  as  a 
function  of  plate  orientation. 

We  will  shortly  select  orientations  that  show 
zero  first  order  temperature  coefficients  with 
large  coupling  factors  and  fabricate  resonators  to 
test  these  results. 


Conclusions 


Cq  =  free  capacitance  of  the  plate 

The  anti-resonance  frequencies  occur  at  the 
poles  of  Eqn  (6)  so  that 


2n+l. 

2 


(2Vi> 

h 


(7) 


The  fundamental  anti-resonance  frequencies  are 
therefore 


i 


al 


h 


(8) 


The  fundamental  resonances  occur  at  the  zeros  of 
Egn  (6).  These  always  occur  at  lower  frequencies 
then  the  corresponding  anti-resonances  by  an  a- 
amount  depending  upon  the  value  of  the  k 
quantities.  The  coupling  factors  for  the  reson¬ 
ator  modes,  defined  by 


(<4)2  -  (u>*)2 
CwJ)2 


(9) 


Examples  of  extremely  high  overtone  microwave 
resonators  have  been  presented  previously.  In  this 
paper  key  advances  in  design  analysis,  stabilized 
oscillator  performance  and  temperature  coefficient 
computations  are  reported.  Advances  in  design  in¬ 
clude  effects  of  crystalline  anisotropy  and  reson¬ 
ator  surface  parallelism.  Crystalline  anisotropy 
helps  to  account  for  previous  transducer  anomalies 
and  provides  an  additional  criterion  for  selection 
of  the  substrate  crystal  orientation.  A  method  of 
determining  optimum  anisotropy  for  minimizing  dif¬ 
fraction  losses  was  identified.  The  test  of  an 
X-band  oscillator  is  described  which  provides  phase 
noise  performance  to  within  7  dB  theoretical.  This 
work  is  on  going  with  noise  performance  approaching 
values  of  interest  for  RADAR  systems.  Temperature 
stable  cuts  of  lithium  tantalate  have  been  identi¬ 
fied  with  an  improved  formlation  which  account  for 
two  parallel  reflecting  surfaces. 
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Summary 

A  superconducting  microstrip  resonator  has 
demonstrated  its  application  in  a  stable  frequency 
source.  The  resonator,  constructed  from  thin  film 
Pb  deposited  on  synthetic  sapphire,  operates  at 
liquid  helium  temperatures.  The  demonstration 
stable  oscillator  consists  of  a  voltage  controlled 
backward  wave  oscillator,  a  phase  detector,  and  a 
superconducting  resonator  used  in  a  negative  feed¬ 
back  loop. 

This  paper  presents  experimental  resonator 
results  (Q  =  40,000),  correlates  these  with  pre¬ 
vious  theoretical  predictions,  summarizes  perfor¬ 
mance  of  the  oscillator  in  the  time  domain,  and 
outlines  methods  to  improve  oscillator  stability. 
The  stabilized  oscillator  operates  atq2.94  GHz, 
and  exhibits  a  stability  of  1.3  x  10*3  for  10 
sec  samples.  The  temperature  coefficient  of  the 
resonator  is  cubic  in  absolute  temperature  and  is 
2.7  x  10'8/°K  at  2°K.  Aging  characteristics  have 
not  been  measured,  but  are  expected  to  be 
excellent. 

The  extremely  low  microwave  surface  resis¬ 
tances  of  superconducting  metal  films  allow  high 
Q  elements  to  be  constructed  in  a  convenient 
stable  form  for  application  at  microwave  and 
millimeter  wave  frequencies.  Thus,  supercon¬ 
ducting  microstrip  resonators  will  provide  a  means 
to  produce  lightweight,  low  cost,  multiple  fre¬ 
quency  sources  directly  stabilized  at  millimeter 
wavelengths.  Sources  completely  contained  in 
liquid  helium  for  use  in  multiple  frequency  systems 
are  possible. 

Introduction 

Microstrip  circuitry  is  a  very  convenient 
medium  to  transmit  and  manipulate  microwave  sig¬ 
nals.  Its  properties  arc  well  understood  and  its 
low  cost  desirable.  Microstrip  has  consequently 
earned  a  dominant  position  in  microwave  system 
hardware.  The  loss  properties  of  microstrip,  how¬ 
ever,  are  less  desirable.  To  control  radiation 
from  the  open-walled  structure,  the  designer  must 
use  a  relatively  thin  substrate  and  keep  both 
elements  of  the  transmission  line  close  together. 
Typically,  the  substrate  thickness  is  held  to  less 
than  0.03  X0,  where  X  is  the  wavelength  of  the 
transmitted  signal.  The  field  energy  stored  in 
such  a  geometry,  for  a  given  current  density, 
is  exceedingly  low,  and  a  relatively  large  fraction 


is  dissipated  per  angular  radian.  Thus,  resonator 
quality  factors  are  low;  Q  *  100-500  are  typical 
values.  (Equivalent  values  for  the  transmission 
line  loss  per  wavelength  are  0.25  dB  and  .05  dB.) 

Superconducting  digital  and  microwave  cir¬ 
cuitry  will  offer  a  number  of  Impressive  advances 
for  future  systems.  To  date  the  advantages  of  the 
superconducting  mainframe  computer  or  digital  pro¬ 
cessor  ,L'J  superconducting  low  noise  receiver. [2] 
and  superconducting  milllmeterwave  detector!.3]  have 
been  largely  demonstrated.  Integrated  supercon¬ 
ducting  signal  filters  would  have  attractive 
features.™]  Superconducting  cavity  resonators 
have  demonstrated  unequaled  performance  in  stabi¬ 
lizing  oscillators  for  short  and  medium  sample 
durations.  Frequency  stabilities  of  6xl0*16[5] 
and  3x1 0-'6™]  for  10  to  1000  sec  samples  are 
reported  for  Gunn  diode  oscillators  stabilized 
with  the  use  of  vacuum  fired  niobium,  microwave 
cavities. 

Resonator  Design  and  Performance 

This  paper  reports  the  use  of  a  supercon¬ 
ducting  microstrip  resonator  to  stabilize  a 
commercial  backward  wave  oscillator.  The  resonator 
is  a  two-port  transmission  filter  whose  output 
phase  is  the  frequency  selecting  quantity.  It  is 
constructed  from  thin  film  Pb  evaporated  onto  both 
sides  of  a  crystalline  sapphire  substrate.  The  Pb 
is  lithographically  patterned  Into  a  resonator  and 
Input  and  output  coupling  lines  on  one  side,  and 
the  Pb  on  the  other  side  acts  as  a  ground  plane. 

A  photo  of  the  Pb  structure  Is  shown  in  Figure  1. 
The  substrate’s  surface  has  a  polished,  scratch- 
free,  1  microinch  finish.  The  substrate  thickness 
for  the  3  GHz  resonator  is  .006  in.  and  the  lead 
thickness  3000  K.  No  adhesion  metallization  was 
used. 

Radiation  losses  from  the  resonator  were 
strictly  controlled.  The  substrate  housing  was 
non-resonant  and  non-propagating.  Losses  due  to 
finite  substrate  thickness  were  determined  by  the 
radiation  resistance  analysis  of  Denlinger.w] 

The  expected  Pb  microwave  dissipation  was  assumed 
to  be  that  reported  by  Turneaure  and  We1ssman.l-8J 
The  sapphire  dielectric  loss  tangent  was  taken  to 
be  lO*8.  The  predicted  resonator  Q  as  a  function 
of  substrate  thickness,  h,  is  shown  in  Figure  2. 

A  similar  analysis  for  a  normal  Cu  resonator  Is 
also  shown  in  the  figure.  Iho  superconducting 
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Pb  resonator  was  designed  to  have  an  h/x  = 
1.5x10-3.  0 

Additionally,  coupling  coefficients,  or 
external  quality  factors,  for  the  open  ended  trans¬ 
mission  lines  adjacent  to  the  resonator  had  to  be 
determined.  Although  this  coupling  technique  is 
common  for  copper  microstrip  resonators,  the 
exceeding  light  coupling  appropriate  for  the 
superconducting  resonator  required  coupling  geo¬ 
metries  not  characterized  in  the  literature.  The 
results  of  experimentation  are  shown  in  Figure  3. 
Q0  and  Qext  versus  the  ratio  of  microstrip  sepa¬ 
ration  to  substrate  height,  3/h,  is  plotted.  As 
expected,  the  unloaded  quality  factors,  Q0,of  the 
copper  resonators  are  not  a  function  of  separa¬ 
tion,  while  the  external  Q,  Qext>  rises  mono- 
tonically  in  separation  and  is  a  function  of  S/h 
alone. 

The  resonator  can  be  characterized  by  an 
unloaded  quality  factor,  Q0  =  40,000,  external 
quality  factors,  Qext  =  18,000,  a  loaded  quality 
factor,  Ql  =  7,000,  and  a  resultant  insertion 
loss  of  1.5  dB. 

An  Oscillator  Stabilization 

Frequency  stabilization  of  a  voltage  con¬ 
trolled  backward  wave  oscillator  is  achieved  with 
a  feedback  loop  employing  a  frequency  discrimina¬ 
tor.  This  configuration  is  shown  in  Figure  a. 

The  resonator  output  phase  variation  is  2.1x10-4 
aeg/Hz,  the  phase  comparator's  output  is  9x10-7 
V/ Hz,  and  the  overall  loop  gain  is  720C.  The 
oscillator's  open  loop  stability  of  1x10-6  fcr 
a  10-second  two-sample  Allan  variance  was  reduced 
to  1.3x10-9  for  a  10  sec  sample. 

The  plot  of  observed  Allan  variance  versus 
sampling  time  is  shown  in  Figure  5.  Stability  is 
superior  to  that  of  surface  acoustic  wave  devices. 
However,  the  stability  observed  for  sample  times 
longer  than  10  sec  degrades  badly.  Sample  points 
on  the  upper  line  of  the  shaded  section  represent 
the  variance  of  all  sequential  data  pairs,  while 
the  lower  line  represents  data  from  which  3  o 
points  have  been  removed.  The  major  contribution 
to  the  observed  variance  is  thought  to  result  from 
mechanical  vibration  of  the  parallel  coaxial  loops 
of  the  discriminator.  Each  loop  which  passes  from 
293°K  into  the  liquid  helium  dewar  at  4.2°K  and 
back  to  room  temperature  is  four  feet  long..  No 
frequency  compensation  schemeL9J  was  employed,  nor 
was  any  attempt  made  to  include  power  splitter  and 
phase  comparator  in  the  liquid  helium.  Thus,  no 
real  test  of  long-term  stability  has  been  made. 

Temperature  dependence  of  the  stabilized 
oscillator  was  measured  by  variation  of  the  helium 
bath  temperature.  As  expected,  data,  shown  in 
Figure  6,  reveal  an  approximate  cubic  dependence 
in  absolute  temperature.  Thus,  at  2.0°K,  the 
stability  is  a  remarkably  low  3x10-8/°k.  Combined 
with  an  ability  to  tightly  control  the  helium  bath 
temperature,  resonator  temperature  dependence 
makes  no  significant  contribution  to  frequency 
drift. 


Several  techniques  are  available  to  trim  fabri¬ 
cated  and  tested  resonators  to  produce  exact  fre¬ 
quency  performance.  These  techniques  Include  laser 
trimming  of  material  at  very  low  or  very  high  impe¬ 
dance  points.  The  stability  of  the  resonator  after 
thermal  cycling  is  exceedingly  good. 

Conclusion 

This  work  represents  a  new  type  of  resonator 
used  for  source  stabilization.  The  microstrip 
resonator  is  the  only  resonator  of  Integrated  for¬ 
mat  usable  directly  at  microwave  frequencies. 

Direct  stabilization  avoids  costly,  performance 
degrading  frequency  multiplication  or  the  use  of 
frequency  synthesis.  Thus,  systems  requiring 
multiple,  exact  frequency  microwave  outputs  in  a 
compact  format  may  prove  Important  applications. 

The  extensive  use  of  superconductive  electronics 
for  such  systems,  or  the  development  of  miniature 
refrigerators,  would  remove  the  Inconvenience  of 
cryogenic  temperatures. 
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TRANSMISSION  LOSS  (dB/Xg) 


Figure  1.  The  superconducting  Pfa  microstrip 
resonator  shown  with  input  and 
output  coupling  lines. 


Figure  2.  Comparison  of  copper  and  super¬ 
conducting  lead  microstrip 
resonators. 
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Figure  4.  Discriminator  stabilized 
oscillator. 
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Figure  3.  Resonator  separation  versus 
quality  factors. 
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Figure  5.  Closed  loop  stability. 


Figure  6.  Temperature  dependence  of 
the  stabilized  oscillator. 
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Abstract 

The  non -linear  elastic  characteristics  of 
quartz  crystal  are  at  the  origin  of  harmonic 
generation,  amplitude-frequency  (A-F)  effect  in 
oscillators,  intermodulation  in  filters.  The  mea¬ 
surement  of  A-F  effect  generally  is  perturbed  by 
the  spurious  influence  of  temperature  which  re¬ 
sults  from  the  modification  of  the  oscillation 
level.  A  new  method,  using  amplitude  modulation 
and  phase  detection,  enables  to  separate  elastic 
and  thermal  effects.  This  method  is  applied  to  ST 
cut  SAW  resonators,  and  comparisons  are  made  with 
AT  cut  bulk  wave  resonators.  Intermodulation  mea¬ 
surements  confirm  the  previous  ones,  and  both 
show  that  SAW  has  lower  non  linearities  than  B.W. 

By  using  the  exact  state  and  constitutive 
equations  of  elasticity,  the  general  non  linear 
wave  propagation  equations  and  boundary  condi¬ 
tions  are  obtained.  Solutions  are  calculated  up 
to  the  second  step  of  approximation.  They  lead  to 
the  determination  of  the  second  harmonic  level 
and  of  the  A-F  effect. 

Introduction 

The  propagation  of  elastic  waves  in  solids 
can  be  described  by  the  linear  theory  of  elastici¬ 
ty  only  in  the  case  of  small  amplitude  waves.  In 
fact  the  amplitude  is  finite  and  the  propagation 
medium  is  not  linear  in  account  of  its  own  struc¬ 
ture  and  of  the  finite  deformation  induced  by  the 
wave.  Intrinsic  non  -linearities  and  induced  non 
linearities  can  be  distinguished.  They  are  at  the 
origin  of  harmonic  generation,  amplitude-frequen¬ 
cy  (AF)  effect  in  resonators  and  oscillators, 
intermodulation  in  filters.  These  phenomena  gene¬ 
rally  are  undesirable  because  they  are  among  the 
main  causes  of  instabilities  and  troubles.  Howe¬ 
ver  sometimes  they  can  be  advantageously  used  in 
devices  such  as  acoustic  convolvers  and  correla¬ 
tors. 

The  non  -linear  properties  of  bulk  waves 
were  intensively  studied  during  these  past  years, 
but  very  few  studies  were  devoted  to  surface 
acoustic  waves.  The  calculation  of  second  harmo¬ 
nic  generation  was  performed,,  by  Tiersten1  in  iso¬ 
tropic  bodies  and  by  Vella^  in  the  anisotropic 
ones.  In  the  case  of  quartz  crystal  the  experi¬ 
ments  were  also  limit^dj  |ogthe  measurement  of  the 
second  harmonic  level'3’  ’  ’ 


In  the  present  work  these  phenomena  are 
studied  both  theoretically  and  experimentally.  Ex¬ 
perimental  methods  are  defined  for  measuring  the 
A-F  effect  and  intermodulation.  The  theory  is 
extended  to  the  second  step  of  approximation  and 
leads  to  the  calculation  of  the  A-F  effect. 

Comparison  between  bulk  waves  and  surface 
waves,  by  means  of  devices  at  the  same  frequen¬ 
cies,  are  performed  in  order  to  answer  the  ques¬ 
tion  :  are  SAW  more  linear  than  B.W.  or  not  ? 

Amplitude  Frequency  Effect 

The  measurement  of  resonator  A-F  effect  ge¬ 
nerally  consists  in  recording  the  amplitude  and/ 
or  phase  resonance  curves  for  different  values  of 
the  oscillation  level.  The  inconvenient  of  such  a 
method  is  to  be  sensitive  to  temperature  :  when 
increasing  the  oscillation  level  for  instance, 
the  crystal  is  warmed  up  and  therefore  its  fre¬ 
quency  is  modified.  The  phenomenon  is  minimized 
by  operating  at  the  turn-over  temperature.  With 
high  Q  resonators  the  A-F  effect  can  be  measured 
at  low  level  and  therefore  in  this  case  the 
thermal  effect  is  not  too  important.  But  with  low 
Q  devices  higher  powers  are  necessary  and  the 
temperature  influence  becomes  predominant. 

A  first  improvment  can  be  obtained  by  pro¬ 
cessing  the  measurement  quickly,  i.e,  in  a  time 
shorter  than  the  thermal  relaxation  time.  To  this 
end  the  resonator  is  excited  in  a  k  transmission 
network  by  a  synthesizer,  the  frequency  of  which 
is  locked  to  the  resonator  frequency  with  a  phase 
bridge.  When  changing  the  excitation  level,  the 
corresponding  frequency  shift  can  be  measured  di¬ 
rectly  on  the  source. 

The  method  which  was  effectively  used  con¬ 
sists  in  modulating  the  amplitude  of  the  source 
at  a  frequency  F  (fig.  1).  At  the  phase  bridge 
output  the  error  signal,  used  to  lock  the  source, 
contains  three  components  :  a  DC  component,  and 
two  AC  components  at  the  frequencies  F  and  2F. 

The  total  A-F  effect,  including  both  elas¬ 
tic  and  thermal  effects  can  be  represented  by  the 
relation  : 

Aw/w  =  kl2  +  A6(I2)  (I) 
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which  gives  the  fractio  nal  frequency  shift  as  a 
function  of  the  current  I  and  of  the  temperatures. 

This  last  one  is  itself  dependent  on  the  cur¬ 
rent.  The  modulated  signal  amplitude  can  be  written: 


Comparison  can  also  be  made  between  SAW  and 
BW  resonators.  The  easiest  way  is  to  compare  the 
locations  of  their  intercept  points  given  in 
table  II. 


I  =  I  +  I,  cos  flt  (2) 
o  1 

When  using  (2)  in  (1)  it  is  obvious  that 
the  frequency  shift  is  composed  of  a  DC  part  and 
of  two  components  at  F  and  2F.  The  DC  par*  is  a 
function  of  k  which  caracterizes  the  elastic  ef¬ 
fect  to  be  measured,  and  of  X  .  Therefore  both 
phenomena  cannot  be  distinguished  in  the  DC  compo¬ 
nent.  But  if  the  frequency  modulation  is  much 
larger  than  the  thermal  relaxation  frequency,  re¬ 
lated  to  the  heat  diffusion  constant,  the  compo¬ 
nents  of  thermal  origin  at  F  and  2F  will  be 
strongly  attenuated.  At  those  frequencies  only 
remains  the  purely  elastic  effect.  Thus,  the  mea¬ 
sure  of  the  spectral  lines  F  and  2F  enables,  with 
redundancy,  to  obtain  the  value  of  the  A-F  coeffi¬ 
cient  k. 


This  method  was  applied  to  ST  cut  quartz 
resonators.  In  order  to  check  the  validity,  measu¬ 
rements  were  repeated  at  three  different  tempera¬ 
tures,  one  corresponding  to  the  turn-over  tempera¬ 
ture,  the  two  other  ones  being  located  on  each 
side  of  the  F-T  characteristic.  As  shown  on  fig. 
2  the  three  results  are  identical  as  expected. 

Comparisons  are  made  in  table  I  between  SAW 
resonators  and  BW  resonators. 

It  can  be  observed  that  the  ST  cut  SAW  A-F 
effect  is  lowered  in  a  ratio  of  the  order  of  200 
in  comparison  with  AT  cut  BW  resonators. 

Intermodulation 


These  results  confirm  the  previous  ones  and 
show  also  the  better  linearity  of  surface  acous¬ 
tic  waves. 


Theoretical  approach 

The  non  linear  equilibrium  equations  and 
boundary  conditions  of  a  semiinfinite  anisotropic 
solid,  limited  by  a  free  surface  a„  =?0  may  be 
written  in  a  Lagrangian  reference  system 


p  ii .  =  P.  .  . 
o  J  iJ.i 


n.  P. .  =  0  on  the  surface 


(3) 

(A) 


where  p  is  the  specific  mass,  u.  the  displace¬ 
ment  field  and  n.  the  director  iosines  of  the 
unit  outward  normal  to  the  free  surface.  P.  .  is 
the  PiolaKirschoff  tensor,  which  corresponds*  to 
the  stress  field  in  the  material  coordinates  sys¬ 
tem,  When  limited  to  the  third  and  fourth  order 
non  linearities  P„  is  given  by  the  relation  : 

Pij  -  cijkJl  uk,t  +  yijklmn  uk,t  um,n 

(5) 

+  S  .  u,  .  u  u 

ljkjlmnpq  k,i  m,n  p,q 


Cijki 


are  the  second  order  elastic  constants 


y  „  and  are  related  to  the  third  and 

ijkimn  ljkxmnpq 

fourth  order  elastic  constants  c.  ,  .  and 
,  ,  ijkJtmn 

Ci jktmnpq  y 


Two  signals  are  simultaneously  applied  on 
the  resonator  or  delay  line  (fig.  3).  Their  angu¬ 
lar  frequencies  a .  and  are  within  the  device 
bandwith  and  symetrically  located  on  both  sides 
of  the  central  frequency.  In  this  case,  the  inter- 
modulation  frequencies  fi  =  and  fi'  = 

also  are  symetncal  and  in  the  bandwith.  Impedan¬ 
ces  are  to  be  carefully  adapted  in  order  to  avoid 
spurious  reflexion  which  would  perturb  the  measu¬ 
rement  . 

The  intermodulation  ratio  is  characterized 
by  Pq/Pq,  ratio  of  the  test  tone  power  P  (P  =PX  = 
P2>  over  the  intermodulation  power  P^  ^P^A  q  ,) 
measured  across  a  50  SI  load  resistor. 

Intermodulation  was  measured  on  a  110  MHz 
SAW  resonator  (its  motional  parameters  are  : 
Rx=1360,  L1=7.8mH,  C^O^pF,  Co=3.7pF,  0Q=33  000  ) 
placed  in  a  50  fi  circuit,  and  is  presented  on 
fig.  4. 

A  measure  on  a  SAW  delay  line  was  attemp¬ 
ted.  But  because  of  the  low  equivalent  Q  factor, 
it  was  not  possible  to  reach  its  intermodulation, 
which  was  below  the  circuit  intermodulation  level. 


Tijktmn  cink£  ^jm  +  ^  cijnt  ^km  +  ^  °ijk£mn  ^ 

5 .  „  =  '4  c.  .6,  6.  +  1/4  c.  ,  .  A 

ljkimnpq  iqn£  km  jp  ljktqn  pm 

+  1/4  c.  .  „  6,  +  '4  c.  ,  „  6  .  /7\ 

ljqtmn  kp  iqkJmn  pj  (7) 

+  1/6  c .  „ 

ljklmnpq 

By  using  (6)  and  (7)  into  (3)  and  (4)  the 
general  wave  propagation  equations  and  boundary 
conditions  are  obtained. 

They  are  solved  by  using  a  method  of  succes¬ 
sive  approximations.  The  solution  is  written 

012 

u .  =  u  +  u ,  +  u  .  (8) 

J  J  J  J 

where  u.  are  the  solutions  at  the  different  steps 
of  approximation. 

0 

u  .  verifies  the  unperturbed  homogeneous  sys¬ 
tem  :• 
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=  0 


po  uj  '  Cijk  l  uk,  ii 


c2jk  Jt  “k,  t  =  0  at  a2  =  0 


and  has  the  regular  form  :  ,  . 

0  „  !>)  i(“t'koal'kon2  a2} 

u .  =  U  l  C  e 

j  o  J:  j 

r  =  1,2,3 


(9) 

(10) 

(ID 


for  a  wave  propagating  in  the  a.  direction,  k  is 
the  wave  number  and  nW  the  deepth  penetration 
coefficients.  ' 

a)  Second  harmonic  generation 

At  the  first  step  of  approximation  the  sys¬ 
tem  becomes 


o  u .  -  c .  „  u,  „ .  =  Y  .  u,  .  u 

^o  j  ljkH  k,ii  ljkitmn  k,£i  m,n 


(12) 


°2jki  Ak,i  ”^2jkimn  uk,i,um,n  for  a2_0^*^ 


with  y  ,  .  =  6.  .  +  Y.  .  ,  „ 

ljkimn  ljkimn  ijmnki 


When  u.  is  replaced  by  eq.  (11)  m  the 
inhomogeneous"^  parts  of  (12),  (13)  a  linearized 

system  is  obtained  :• 


poUj  ”  cijk)t  uk,  JU  ^  ko  Uo 


04) 


r,s 


I  (»s 


(r,s)  e2i0-(r's)  +  5(r,s)  eU(r’S>j 


°2JMJk,l--J»ko2ul  X 

l  (H«r's>  =2i*lr,s’ .  «<■:•»> 

r,s  J  J 

n  ( r )  n  ( s ) 

/  \  n.  +n_ 

wh»re  fr,s  =  at  -  k  a,  -  k  ( - r - )a„ 

o  1  o  2  2 

.  (r,s)  ,  ,  (r)*  (s), 

and  £  =  kQ  (n2  -n2  )  ag 


05) 


at  a2=0 


The  amplitudes  of  the  driving  terms  are 
given  in  annex. 

The  inhomogeneous  part  of  eq.  (14)  is  compo¬ 
sed  of  a  time  independent  term  and  of  a  term  at 
the  frequency  2u. 


The  particular  solution  independent  of  time 

is  : 


=  k  U* 
o  o 


£  < 


(r,s)  i  (ji 


(r,s) 


r,s 


a(r,s)  completely  determined 

function  of  D(r>s) 

J 


and 


06) 
given  as 


The  homogeneous  part  of  the  propagation 
equation  (14)  is  verified  by  a  solution  at  the 
frequency  2  u  proportio  nal  to  the  unperturbed 
solution  constituting  the  SAW 


U2  k 
o  o 


[  c<r)e2i* 

L  k 


(r.r) 


(17) 


r 


X  is  a  constant. 


The  driving  terms  of  (14)  are  small  pertur¬ 
bations.  Therefore  a  general  solution  can  be  choo¬ 
ser  from  (17)  by  perturbating  the  wave  number  kQ, 
the  penetration  coefficients  n^r)  and  the  amplitu¬ 
des  C.(r)  .  In  t^e  first  study  of  the  isotropic 
solid  Dy  Tiersten  the  proposed  solution  was  equi¬ 
valent  to  a  perturbation  of  the  wave  giumber.  A 
similar  solution  was  utilized  by  Planat  for  cal¬ 
culating  the  second  harmonic  level  in  quartz.  It 
led  to  values  ^n  agreement^,  with  the  experimental 
data  of  Gibson  and  Alippi  for  Ycut  quartz,  but 
for  ST  and  X  cuts  the  Results  of  the  calculation 
were  too  high.  Vella  also  observed  too  high 
values  with  a  similar  method,  not  only  fog  X  cut 
but  also  for  Y  cut.  He  proposed  a  method  where 
complementary  solution  colinear  and  orthogonal  to 
the  eigen  vectors  are  added.  This  method  is  equi¬ 
valent  to  perturbating  at  the  same  time  wave 
number,  penetration  and  amplitude. 


This  type  of  solution  is  used  in  the  pre¬ 
sent  study  by  taking  for  r  =  s. 


=  XUoko  l  ^  +  ^ 

2i(iot-(k  +Ak  )a.  -  (k  n*r)+A(k  n*r) 
o  ol  v  o  2  0  2 

x  e 


(18) 


Approximated  at  the  first  terms  of  the  deve¬ 
lopment,  (18)  becomes 


\  I  <rl 

( r ) 

—  ~2i  Ak^  -  2i  6  (kQn2  )a2) 


(19) 


x  {1 


This  solution  must  verify  equation  (14). 


For  r  4  s  none  of  the  driving  terms  of  the 
propagation  equation  being  synchronous  with  any 
of  the  homogeneous  solution  (17),  the  amplitude 
of  the  corresponding  particular  solution  is  inde¬ 
pendent  of  a1  and  a2>  This  suggests  : 


=  k  U2  7  8 

0  0  4- 


(r,s)  2ity 
k  e 


(r,s) 


(20) 


g(r,s)  js  completely  determined  when  using  (20) 
into  (14),  and  given  as  a  function  of  Djr,s) . 

Then  the  general  solution  is  obtained  by 

adding  (16),  (19)  and  (20).  It  must  verify  the 

boundary  conditions.  This  determines  completely 

the  unknownsAk  ,  6k  n(r)  and  6 C,(r) . 

0  0  2  K 
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For  a  larger  than  a  few  wave  lengths  the 
term  proportional  to  a1  in  this  general  solution 
becomes  predominent  -this  i^  equivalent  to 
Tiersten's  asvmDtotic  condition  -  and  the  solu- 


Tiersten's  asymptotic  condition 
tion  reduces  to 


(r)  2it 


u,  =  -2i  U2  k  XAk  a,  l  C,  e 
k  oo  o  1  u  k 


The  general  solution  could  also  havej  to 
verify  an  excitation  condition,  for  instance  u.  = 
0  for  a^=a2=0  if  no  second  harmonic  is  generated 
by  the  source.  It  can  be  seen  that  this  condition 
cannot  be  satisfied  by  the  present  solution.  The¬ 
refore  this  last  one  is  to  be  completed,  and  the 
complementary  term  corresponds  to  a  bulk  wave 
propagating  radially  from  the  source  point  (this 
is  equivalent  to  a  S.S.B.W.  at  the  frequency  2w) . 
But  its  calculation  has  not  been  carried  out  yet, 
because  it  is  of  no  importance  for  the  determina¬ 
tion  of  the  main  parts  of  the  second  and  third 
harmonics. 

The  second  harmonic  level  is  defined  as  the 
ratio  between  the  amplitudes  U  and  U.  of  the 
solutions  at  the  frequencies  w  and  2  u.  From  (21) 
and  (11)  it  follows 


U,/U  =  2i  U  k  AAk  a, 
1  o  o  o  o  1 


It  is  more  convenient  to  give  this  level  at 
a  distance  a^^  normalized  to  unity,  and  also  with 
respect  to  unitary  amplitude  U  and  wave  number 
k  .  The  results  of  the  calculation  for  quartz  are 
given  in  table  III  and  compared  with  the  theoreti¬ 
cal  values  of  \(ey.a2  and  thg  experimental  data  of 
Gibson  ,  Alippi  '  and  Lopen  . 

b)  Amplitude-frequency  effect 

After  a  second  iteration  the  equilibrium 
equations  and  boundary  conditions  at  the  second 
order  of  approximation  become 


F  u .  —  c ,  ,,  u,  = 
o  j  ljkt  k,ii 

°  1  1  0 

Yijkimn  'uk,fci  um,n  +  uk,£i  Um,n 

_  0  0  0 

+  ljktmnpq  uk,ii  Um,n  Up,q 


2  0  110 

c2jk£  uk,J.  "  Y2jkimn  ^ Uk ,  Jt  um,n  +  Uk,i.  um,n^ 
0  0  0 

u,  .  u  u  at  a.  =  0 
2jk£mnpq  k,£  m,n  p,q  2 


and  w  are  obtained.  They  lead  to  solutions  corres¬ 
ponding  respectively  to  the  third  harmonic  genera¬ 
tion  and  to  amplitude  and  phase  perturbations  at 
the  fundamental  frequency,  i.e,  to  the  A-F  ef¬ 
fect.  The  study  was  limited  to  this  last  phenome¬ 
non  and  therefore  only  solutions  of  (23)  (24)  at 
the  frequency  w  were  calculated. 

By  using  the  same  method  as  previously  ^.t 
can  be  easily  shown  that  the  general  solution  uk 
is  composed  of  particular  solutions  on  tuj  one 
end  related  to  and  with  amplitudes  cons¬ 

tant  or  proportional  mSo  a  or  to  a2  and  on  the 
other  end  related  to  6.1,,  „  with  constant 
amplitude.  ijkimnpq 

These  particular  solutions  are  easily  calcu¬ 
lated  because  none  of  the  driving  terms  of  (23) 
is  synchronous  with  any  of  the  partial  waves  of 
the  SAW.  They  are  written  : 

,  (r,s) 

l  =  U3  k2  l  e1^  (25) 

k  o  o  L 

r,s 

*  ♦  vrs  *  4r',,> 


-(r,s)  .  o  (s)  (r)», 

*  *  wt  -  koai  “  ko(2n2  "n2  )a2 

1C^r>s)  and  ®kr,S^  are  function  of  7  and 

therefore  only  of  the  second  and  third  order 
elastic  constants.  e£r,s)  is  related  to  YijkJlmn 

and  6  .  ..  .  and  depends  also  on  the  fourth 

ljk  i  mnpq  ^ 

order  elastic  constants. 

In  order  to  satisfy  the  boundary  conditions 
a  general  solution  of  the  homogeneous  part  of 
(23)  is  to  be  added.  This  solution  is  built  up  by 
perturbating  the  amplitude,  wave  number  and  pene¬ 
tration  of  the  homogeneous  solution  : 


(r\ 

i(ut-k  a  -k  n,  a  ) 
0  10  2  2 


PU3k2  [  C*r)  e 
oo  k 


The  perturbed  solution  is  approximated,  as  in 
(19),  but  at  one  more  step  of  approximation. 

5  Jp(r,r) 

5.  =  y  k2  U3  l  C(r)  e ** 

k  o  o  u  k 

A2k  i!(k  nj^)  (r) 

x  {-i  jj-  ai  -i  2  a2  -Ako  A^kon2  'ala2 

,r  (r) 

^-77)  Kal+^on2r>)a2)  ^ 


•'x,  (r) 

—  _iikoal  -  iMk0n2  ,a2} 


5ijkimnpq  5ijkimnpq  +  ^ijmnkipq  +  ^ijpqmnki 
0  1 

By  replacing  uk  and  u  by  their  expres¬ 
sions,  the  driving  terms  at  uie  frequencies  3<o 


The  complete  solution  is  obtained  by  adding 
(25)  and  (26).  The  same  remark  as  previously  can 
be  made  :  for  a1  larger  than  a  few  wave  lengths 
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the  term  proportional  to  becomes  predominant 


and  the  solution  re^iges  to 

u.  =  -k2U3  i  — ~  pa?  I 
k  oo  2  1  L 


i  + 


,(r,r) 


(27) 


The  component  proportional  to  a2  is  func¬ 
tion  of  the  second  and  third  order  elastic  cons¬ 
tants  but  not  of  the  fourth  ones.  If  for  some 
particular  crystal  orientation  the  pA2k  coeffi¬ 
cient  becomes  small  the  component  proprotional  to 
a^^  will  to  be  conserved,  but  in  this  case  the 
fourth  order  elastic  constants  (which  are  not 
known  for  quartz)  are  to  be  introduced. 


In  eq.  (27)  the  constant  pA2k  is  a  complex 
quantity,  which  induces  phase  velocity  and  ampli¬ 
tude  perturbation  given  by 


V  =  V  (1  +  k3  U2  f,  a,2) 
o  o  o  1  1 

U  =  U  (1  +  k**  U2  e,  a2) 
o  o  o  1  1 


(28) 


where  e.+if,  =  -i/2)P  A2k  /)£ 
11  o  o 


C.  Maerfeld  and  P.  Tournois  for  providing  the 
samples  and  for  helpfull  discussions. 
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The  A-F  effect  of  a  resonator  or  delay  line 
can  be  calculated  from  (28)  by  integrating  with 
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length.  The  results  of  this  calculation  are  shown 
on  table  IV. 

In  this  table  the  SAW  A-F  effect  is  defined 
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solution  uk  the  terms  proportionnal  to  and 
constant  were  neglected.  They  are  to  be  taken 
into  account  in  the  case  of  ST  cut  for  a  better 
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Conclusion 


This  study  shows  that  the  intensities  of 
the  non  linear  elastic  phenomena  of  SAW  are  lower 
than  the  corresponding  ones  observed  in  bulk  wa¬ 
ves,  at  least  for  regular  ST  and  AT  cuts.  It 
appears  from  the  calculation  that  the  amplitude- 
frequency  effect  is  mainly  related  to  the  third 
order  elastic  constants,  the  values  of  which  all 
are  measured  for  quartz.  This  gives  the  pos¬ 
sibility  of  calculating  the  influence  of  cut  an¬ 
gles  and  propagation  direction  in  order  to  find 
configurations  with  the  lowest  possible  non  linea¬ 
rities. 
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Annex 

Coefficients  of  the  inhomogeneous  parts  of 
propagation  equations  and  boundary  conditions  at 
the  first  order  of  approximation  : 


n(r,s)  _  ,  f  „„(r,s)  H(r,s)  ,  ( r)  (s)o 

°j  =_ii2Hlj  +  H2j  (n2  +n2 

Sjr.s)  ^ijM  (n<r)#-n<s)) 

h!1:-8)  =  y.  .M  b(,r)  b(8)  c<r)  c(s) 

ij  ijkimn  l  n  k  m 


The  SAW  resonators  used  in  this  work  were  -(r(S)  (r)»  (s)  r(r)*  (s) 

prepared  by  Thomson-CSF-DASM  Cagnes/s/mer,  =  Yijkimn  bJt  n  Ck  Cm 

France.  The  authors  wish  to  thank  Drs.  C.  Lard  at,  (r)  (r)  (r\  (r) 

with  b^  =  -i  ;  bg  =  -in2  ;  =  0 
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cut 

Frequency 

Q  factor 

A-F  coef.  k 

SAW 

resonator 

ST 

110  MHz 

26  000 

1.1  10-3/A2 

BW 

resonator 

AT 

100  MHz 

63  000 

2.5  10-1/A2 

BW 

resonator 

AT 

S  MHz 

6 

2.10° 

.. 

n 

2  10  /A2 

1 

able  3 

:  Amplitude- 

Frequency  E 

:ffect 

cut 

Frequency 

Q  factor 

intercept 

point 

SAW 

resonator 

ST 

110  MHz 

33  000 

45  dBm 

BW 

resonator 

AT 

100  MHz 

63  000 

15  dBm 

Table  IX  :  Intermodulation 


Table  III  :  Second  harmonic  level  U, /U  k  a, 

1  OOl 


kTuT  f  of  SAW 
0  o  o 

for  a,  =  100  wave  lengths 


SAW  A-F  effect 


BW  A-F  effect 


Y  cut 


I 

i  X  cut 


1  1 

|  ST  cut  | 

1  i 

1 

0  1 
if  the  next  terms  in  the  | 

1 _ 1 

solutions  are  neelected.  ! 

Figure  1.  Schematic  diagram  of  the  amplitude-fre¬ 
quency  effect  measurement  set 


Figure  2.  Amplitude-frequency  effect  of  a  SAW 

resonator,  measured  at  three  different 
temperatures. 


Figure  4.  Intermodulation  of  a  SAW  resonator. 
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Abstract 

This  paper  presents  a  theoretical  analysis 
of  second-order  effects  that  have  been  observed 
;h  surface  acoustic  wave  (SAW)  gratings.  The 
term  "second-order"  refers  to  effects  that  vary 
quadratically  with  groove  depth.  In  the  past 
such  effects  were  assumed  to  be  very  small  and 
because  a  theoretical  analysis  of  the  latter 
appeared  to  be  too  involved  they  were  ignored  by 
most  theories. 

However,  in  recent  years  several  papers 
have  been  presented  stressing  the  importance  of 
second-order  effects  on  SAW  grating  design. I-8 
In  particular  the  second-order  reduction  in  the 
free  surface  wave  velocity  within  a  grating  has 
been  found  to  be  a  major  source  of  phase  error 
often  necessitating  empirical  adjustments  in 
design. 

We  develop  here  a  new,  relatively  straight¬ 
forward  theory  for  predicting  second-order  ef¬ 
fects  in  normal  incidence  grooved  gratings. 

Closed  form  expressions  are  derived  for  all  the 
second-order  parameters  without  the  need  for 
invoking  perturbation  theories,  truncation  or 
numerical  integration  in  the  analysis.  Using  the 
theory  we  examine  grating  responses  near  Bragg 
and  second-harmonic  and  compare  the  results  with 
experimental  data.  In  the  light  of  the  analysis 
we  suggest  how  second-order  effects  may  be  con¬ 
trolled  or  even  used  to  advantage. 

Introduction 


A 


fig.  1,  Grating  Configuration 


This  paper  will  deal  specifically  with  normal 
incidence  grooved  gratings  (Fig.  1) .  We  shall 
concentrate  on  analysing  second-order  effects  in 
such  a  grating  near  the  Bragg  frequency  and  its 
second-harmonic.  These  frequencies  are  defined  by 


Bragg:  A  -  X^/2, 

Second  harmonic:  A  »  Xr 

Xr  «  Rayleigh  wavelength. 

To  first-order  in  the  grating  depth,  near 
Bragg,  the  reflection  of  a  wave  incident  on  the 
grating  is  a  maximum:  the  reflections  from  the 
front  and  back  of  each  groove  add  in  phase.  At 
second-harmonic  the  latter  reflections  are  out  of 
phase  and  no  reflection  is  expected.  To  second- 
order  however  we  shall  see  that  the  latter  is  not 
the  case.  In  practice  strong  grating  reflections 
have  been  observed  at  the  second-harmonic3  that 
are  comparable  with,  or  even  greater  them  those 
at  Bragg.  In  addition,  the  Bragg  frequency  it¬ 
self,  or  frequency  of  maximum  reflection  of  the 
grating  is  found  experimentally  to  be  lower  than 
that  predicted  by  the  first-order  theory.  This 
effect  can  be  attributed  to  a  slowing  down  of  the 
surface  wave  that  occurs  under  the  grating  com¬ 
pared  to  the  velocity  on  a  free  surface.  This 
reduction  in  the  wave  velocity  under  the  grating 
may  also  be  observed  in  the  grating  transmission 
phase  response.  The  reduction  in  the  velocity  is 
a  second-order  effect,  varying  quadratically  with 
the  groove  depth  of  the  grating. 

The  major  second-order  effects  we  thus  seek 
to  predict  from  our  theoretical  second-order 
analysis  are: 

1.  Resonator  frequency  shift 

2.  Grating  phase  shift 

3.  Strong  second-harmonic  reflection 

Objectives 

The  main  objectives  in  embarking  on  this 
second-order  analysis  are: 

1.  To  predict  observed  second-order 

effects  entirely  theoretically 
without  the  use  of  empirical 
paremeters 

2.  To  understand  which  grating  para¬ 

meters  most  strongly  influence 
the  second-order  grating  effects 

3.  To  use  second  order  effects  for 

design  optimization. 

Theory 

Assumptions 
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In  the  analysis  that  follows  we  shall  make 
the  following  assumptions: 


1.  Isotropic  substrate 

2.  Shallow  grooves  (i.e.  small 

reflection/groove) 

3.  Many  grooves 

4.  Ignore  diffraction  (i.e.  wide 

grooves) . 


The  first  assumption  is  not  as  restrictive 
as  it  may  first  appear.  To  enable  the  results  of 
the  analysis  to  be  applicable  to  comnon  anisotro¬ 
pic  substrate  materials,  such  as  y  -  z  LiNbO 
and  ST  Quartz,  we  shall  use  an  "equivalent  Poisson 
ratio"  for  such  materials  as  suggested  by  several 
authors.8'®  In  particular,  we  shall  use  the 
equivalent  Poissog  ratios  derived  theoretically 
by  Shimizu  et  al.  of  v  =  .335  for  y  -  z 
LiNbC>3,  and  v  =  .41  for  ST  quartz. 


The  next  assumption  of  many  and  shallow 
grooves  is  valid  for  typical  SAW  grating  devices. 
Groove  heights  are  usually  less  them  approxi¬ 
mately  2%  of  the  Rayleigh  wavelength  (h/X  £ 
.02)  and  typical  gratings  comprise  100  or 
more  grooves.  This  assumption  permits  a  "coup¬ 
ling  of  modes"  analysis  of  the  grating. 


The  last  assumption  that  ignores  diffraction 
is  justified  for  most  practical  gratings  as 
typical  groove  widths  are  of  the  order  of  100 

First-Order  Analysis 

Before  going  on  to  a  second-order  analysis 
we  briefly  summarize  the  results  of  a  first  order 
grating  analysis. 


FIG.  2.  GRATING  PROFILE,  *  -  1, 

c  *  (h/»r)  5;  .02,  e  .  60* 


Figure  2  shows  in  cross-section  a  small 
section  of  a  typical  SAW  grating  of  the  type  we 
shall  analyse.  Note  that  we  have  assumed  a  fi¬ 
nite  width  to  the  groove  edge,  namely  E,  and  a 
slope  to  the  groove  edge  of  0,  (0  <_  90°).  For 

the  first-order  analysis  the  details  of  the  groove 
edge  are  relatively  unimportant.  However,  we 
shall  show  that  in  the  second-order  analysis  the 
shape  of  the  groove  edge  is  crucial  in  determining 
the  second-order  effects. 

Assuming  the  grating  to  comprise  an  infinite 
number  of  grooves  we  may  describe  the  grating 
surface  by 


M 

=  eX  l 

r  m»l 


Xr  =  Rayleigh  wavelength. 


The  Fourier  coefficients  of  the  grating  serve 
to  couple  energy  out  of  an  incident  Rayleigh  wave 
into  a  backward,  or  reflected  wave  and  also  into 
higher-order  Brillouin  components.  Near  Bragg 
the  latter  are  all  evanescent  and  result  in  energy 
storage  ir.  the  region  of  the  grating  discontinui¬ 
ties.  At  the  second-harmonic  in  addition  to 
energy  storage  they  are  also  responsible  for  the 
radiation  of  energy  into  the  bulk. 

Consider  a  normal  incidence  grating.  If  the 
grating  were  not  present  tho  free  surface  could 
support  Rayleigh  waves  propagating  in  both  the 
forward  and  backward  directions,  with  propagation 
constants  k  and  -k  respectively.  The  waves 
would  be  uncoupled.  However,  with  the  grating 
present  the  forward  and  backward  Rayleigh  waves 
in  the  grating  are  coupled  by  the  2k  Fourier 
component  of  the  grating.  This  is  the  cause  of 
the  first-order  grating  reflection  coefficient. 

At  Bragg  the  fundamental  Fourier  component  A.  of 
the  grating  has  dependence  2k  ,  thus  the  first- 
order  reflection  coefficient  is  strong.  However, 
at  the  second-harmonic  a  trapezoidal  grating  with 
a  groove/strip  ratio  of  1  has  only  Fourier 
coefficients  with  wavenumber  k  ,  3k  ,  ...  Thus 
to  first-order  there  is  no  reflection  from  the 
grating  at  the  second-harmonic. 


3.  FI«ST*0tt€A  MAT  INC  Dl  *rtMI0M 
D1AMAH  NEAR  SftAGG. 


The  first-order  grating  dispersion  diagram  is 
shown  is  Fig.  3.  The  important  point  to  note  is 
that  the  split  in  the  dispersion  diagram  is  en¬ 
tirely  symmetric  about  the  "unperturbed"  center 
frequency  w  .  To  first-order  Au,  or  the  re¬ 
flection  coe8ficient  of  the  grating  is  only  a 
function  of  A.,  the  2k  Fourier  coefficient  of 
the  grating.  There  is  norshift  in  the  resonant 
frequency  of  the  grating  to  first-order. 

Second-Order  Analysis 


z  ■  eX^  f(x) 


In  general,  the  upper  and  lower  frequencies 
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of  the  band  gap  of  the  dispersion  relation,  u+ 
and  w  respectively,  will  also  be  functions  of 
the  higher  powers  of  e,  i.e. 


and  the  decay  constants  q  and  r  of  the  shear 
and  compressional  waves  respectively  by: 


+  ef^A^  +  e2f2±(A1,  A2,  ...,  A^)  +  ... 


In  contrast  with  the  first-order  coefficient 
we  shall  show  that  the  second-order  coefficient 
is 

1.  A  function  of  all  the  Fourier 

coefficients  of  the  surface 

2.  In  general  has  both  a  symmetric 

and  an  antisymmetric  component. 


we  obtain  for  the  second-order  frequency  shifts 
at  Bragg, 


_ 2£ _ 

4(kr2q  "  kr2r  -  2q2r) 


The  antisymmetric  component  of  the  second- 
order  split  in  the  dispersion  diagram  is  respon¬ 
sible  for  a  resultant  shift  downward  in  the  band 
gap. 


To  derive  the  second-order  dispersion  rela¬ 
tion  theoretically,  we  match  the  boundary  condi¬ 
tions  on  the  surface  of  the  grating  for  A  =  X  /2 
or  A  “  X  .  The  stress  on  the  perturbed  boundary 
a  •  n  must  be  zero,  where  a  is  the  stress  ten¬ 
sor  and  n  the  surface  normal.  This  determines 
the  amplitude  of  all  the  Brillouin  components  to 
first-order.  The  Brillouin  components  having  pro¬ 
pagation  constants  of  ink  (0  <_  n  <_  (M  +  1)  , 
n  j<  1)  are  all  first-order  in  e,  (M  =  number  of 
Fourier  coefficients  of  the  surface) . 

We  next  match  boundary  conditions  to  second- 
order.  The  Brillouin  components  need  only  be 
deter uined  to  first-order,  however,  because  the 
second-order  dispersion  relation  arises  from 
matching  the  stress  components  having  the  de¬ 
pendence  exp(±jk  )  to  second-order.  Since  the 
Brillourn  components  couple  into  these  equations 
by  the  surface  perturbation  to  order  e,  all 
stress  components  of  the  Brillouin  waves  of  order 
e2  couple  into  the  equations  to  the  order  e3. 
Thus  to  derive  the  second-order  dispersion  rela¬ 
tion  the  Brillouin  components  need  only  be  defined 
to  first-order.  The  technique  is  therefore  some¬ 
what  analogous  to  a  variational  principle. 


l(q3  -  q2r  -  3kr2q  -  k^rjAj2 


M-l 

+  (kr2+q2)(q  +  r)  E  AmAm+1] 
m=l 


A  2 

-q4  -i- 


(krV  +  kr2r2  +  2kr2qr  +  5q2r2) 


(k  2q  -  k  2r  -  2q2r) 2 


2kr2q2r(q2  +  3r2) 


(k^2q  -  kr2r  -  2q2r) 3 
qr[2jkrq  11  +  (k.2  +  q2)T2] 
4pkr2 (q  -  r) (kr2q  -  kr2r  -  2q2r) 


with, 


i  M+1  t 

T .  =  -  l  [A  “  S  "  0  "  (0)  +  jk  (A 
1  2  n=l  n  1  1XZ  r  " 


nA  ) 
n 


S.n  o"  (0)] 
i  ixx  1 


and 


The  result  of  the  analysis  is  that  we  obtain 
the  upper  and  lower  frequencies  of  the  band  gap, 
u+  and  o)  respectively,  in  closed  form  to 
second-order.  The  solutions  contain  infinite 
sums  (for  M  =  ») ,  consisting  of  contributions 
from  all  the  Brillouin  components.  However,  it 
is  important  to  note  that  the  solutions  are  de¬ 
rived  in  closed  form  by  this  method,  no  perturba¬ 
tion  techniques,  truncation  or  numerical  integra¬ 
tions  are  employed  in  the  analysis  after  the 
initial  coupling  of  modes  assumptions.  Defining, 


M+1 
-  E 
2  n=l 


[A*  S."  o"  (0)  +  jk  (A„ 


-  nA  +) 
n 


s.n  a"  (0)] 

1  1X2 


Also, 


k^  =  Rayleigh  wave  propagation  constant 
k^  =  compressional  wave  number 
k2  =  shear  wave  number 


_ 2£ _ 

4(k.2q  -  k2r  -  2q2r) 


[(q3  -  q2r  -  3kr2q  -  k^rjA^ 
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M-l 

-  <k  2  +  q2)  <q  +  r)  Z  A  A 
r  _  ,  m  m+i 

m=i 


4  1 

-  q4  — 


"<kr2q2  +  kr2r2  +  2kr2qr  +  5q2r2) 


(kr2q  -  kr2r  -  2q2r) 2 


2kr2q2r(q2  +  3r2) 


(k  2q  -  k  2r  -  2c;2r)3 
r  r  * 


qr(2jkrq  T3  +  (kr2  +  q2)T4] 
4pkr2(q  -  r) (kr2q  -  kr2r  -  2q2r) 


(Aw  +  Aw_) 

(w1  -  w  )  =  Aft  =  - 

o  _ 


where  Aft  is  the  second-order  shift  in  the  reso¬ 
nant  frequency  of  the  grating. 

The  reflection  coefficient  of  the  grating  may 
be  determined  to  second-order  from  Aw  .  Using  a 
modified  form  of  conventional  couplinggof  modes3,0 
we  may  extend  the  dispersion  relation  away  from 
the  gap  to  obtain  the  response  of  the  grating  in 
the  region  of  Bragg  or  second-harmonic. 


with 


M+i  , 

T  =  —  Z  [A  S."  o."  (0)  +  jk  (A  “  -  nA  ) 
3  _  ,  n  i  ixz  J  r  n  n 

2  m=l 


n  n  ...  i 
S.  a.  (0)] 

1  XXX 


and 


M+l  , 

T =  ~  Z  [A  ~  S  "  o  "  (0)  +  jk  (A  +  -  nA  ”) 
4  ~  ,  n  1  122  r  n  n 

z  n=l 


Si"  °ixZ(0)l 


flC.  <1.  Tm(0*C!ICAL  UCOW'OWM  DUHMIOH  DIA6HM 
KfA*  BMW  f0»  MAT  INC  ON  T  •  »  Il"b0,. 

(v  -  .355,  (»/‘(>  •  .016,  ♦  •  4S‘> 


i 


1,  denotes  compressional  wave 

2,  denotes  shear  wave 


Figure  4  shows  a  theoretical  plot  of  the  dis¬ 
persion  relation  to  second-order  for  a  typical 
grating.  The  downward  second-order  shift  in  the 
grating  center  frequency  AS  is  clearly  predicted 
by  the  theory. 


S.n  denotes  the  amplitude  of  tne  Brillouin  stress  ,  th®  coefficient  K,,  of  the  quad- 

component  c.n  with  dependence  exp(-jnkrx).  ratio  shift  in  the  grating  center  frequency  by 


=  (A  +  A  ) 
n-1  n+1 


(w'/wo)  =  1  -  K2(h/1)2 


=  (A 


n-1 


-  W 


and  y  is  a  Lame  constant.  Similar  relations 
are  obtained  at  the  second  harmonic. 

The  width  of  the  band  gap  2Aw  may  be  de¬ 
termined  from  g 


Aw 

g 


(Aw+  -  Aw_) 
2 


we  plot  K2  in  Fig.  5  as  a  function  of  Poisson 
ratio  (v)  for  a  Bragg  grating  of  height  h/X  = 
.01  and  for  various  groove  slopes  (9).  It  can 
be  seen  that  the  second-order  frequency  shift  is 
very  sensitive  to  the  shape  of  the  grooves.  The 
frequency  shift  is  greatest  for  steep  grooves  and 
in  fact  is  INFINITE  for  grooves  with  vertical  sides 
(9  =  90°) .  This  is  because  to  second-order  for 
grooves  with  90°  corners,  the  stresses  in  the 
region  of  the  corners  become  infinite.  If  such 
corners  could  be  made  in  practice  of  course  the 
material  would  flow  plastically  in  the  region  of 
the  sharp  comer  to  remove  the  singularity. 


and  the  new  center  frequency  of  the  grating  w' 
may  be  determined  from 


The  "blow-up"  of  the  coefficient  K2  is 
however  very  weak,  in  that  it  blows  up  logarith¬ 
mically.  For  a  grating  with  a  square  wave  profile 
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RIO.  5.  TrtORETICAt.  MFCKKRCE  Of  JECONTHMMA 
coefficient  on  Poisson  ratio  fon  ak 
ISOTRORIC  SUNSTRATE  REAR  BrasO  llo/s,) 
*  OH-  ll*'/N.I  -  I  -  RjIN/T)  *1 


i.e.  vertical  groove  edges,  the  contributions  of 
the  Brillouin  components  to  the  frequency  shift 
decrease  inversely  with  the  mode  order.  The 
latter  can  be  determined  from  the  form  of  our 
closed  form  solution.  However,  if  it  were  not 
for  the  closed  form  nature  of  our  solution  such 
a  blow-up  would  be  extremely  difficult  to  detect. 
To  realise  that  K  +  «>  as  0  90°  would  re¬ 

quire  summing  an  almost  infinite  sum  of  ever 
decreasing  terms.  It  is  for  this  reason  that 
theoretical  analyses  of  second-order  effects  re¬ 
quiring  perturbation  techniques,  truncation  or 
numerical  integration  in  their  solution  should  be 
avoided.  Such  an  attempt  was  made  by  Shimizu  et 
al.8  and  led  them  to  the  incorrect  result  that 
K2  remains  finite  for  vertical  grooves. 

Experimental  Verification 

We  now  seek  tc  anfirm  our  theoretical  ana- 
lyis  by  comparison  with  experimental  data  that 
has  been  reported  in  the  literature. 


>16.  6  THtOMTICAl  VARIATION  Of  ttCOND-ONOC*  CdfflCIWT 

WITH  6*OOVt  OCfTK  HIM  |U(I  ON  tt*0«A*T2  <'  *  >41) • 


Figure  6  shows  experimental  measurements  of 
K2  for  gratings  at  Bragg,  on  ST  Quartz  mad a  by 
Tanski.6  We  also  show  theoretical  plots  from  the 
present  theory  of  K2  (assuming  an  equivalent 
v  ■»  .41)  for  various  groove  slopes.  From  the 
experimental  data  Tanski  inferred  an  average  value 
of  K_  of  approximately  10.3.  However,  he  noted 
that  he  found  it  "very  disturbing  indeed"  that  for 
small  groove  depths  K2  appeared  to  increase 
significantly.  The  present  theory  predicts  that 
such  an  effect  is  likely  to  occur.  There  are  two 
reasons 

1.  For  small  groove  depths  the  groove 
edges  are  likely  to  be  steeper  be¬ 
cause  of  the  fabrication  processes 
involved. 

2.  Even  for  grooves  with  constant  edge 
slope  8,  shallower  grooves  have  a 
narrower  edge  width,  E.  It  is  the 
ratio  (E/A)  that  determines  the 
Fourier  coefficients  of  the  grating, 
not  the  groove  slope.  As  E  de¬ 
creases  the  second  order  effects 
increase  and  as  E  ■>  0,  K2  +  ». 


NIC.  7.  TK20MTICAI  MNCNMNCt  OP  MATING  3  0*  IwS  WITH 
MOOYt  MPTM  PON  MATIM  ON  1  •  I  UWNT,  (v  e 

.535).  tTONio  mm  homir  as  'u  an*  NCutiAUii)/ 

AIMM»  A,  •  13.*.  •>  blUMAIlSS  AND  WIUIAMOW)’ 
AISUM»  A]  *  1-0 


In  Fig.  7  we  show  data  taken  by  Williamson 
et  al.1'7  of  the  resonator  frequency  shift  at 
Bragg,  of  gratings  on  y  -  z  LiNbO  .  We  also 
show  the  quadratic  dependence  on  (n/A)  predicted 
by  the  stored  energy  model  of  Li  et  al.3  using  t^o? 
different  empirically  determined  values  for  K. .  ' 
For  comparison  we  show  the  behavior  predicted  By 
the  present  theory  (assuming  an  equivalent  v  = 
.335)  for  various  groove  slopes.  Important  to 
note  is  that  these  curves  are  not  exactly  para¬ 
bolic  because  of  the  dependence  of  K2  on  (h/A' 
discussed  above.  However  the  departure  from 
quadratic  behavior  is  well  within  the  experimental 
uncertainty  of  such  measurements.  Finally  we  note 
from  the  theoretical  curves  that  although  K  *►  “ 
as  (h/A)  -*•  0  the  frequency  shift  Kj (h/A)2<!-+  0 
as  (h/A)  ■+  0  as  the  logarithmic  blow-up  of  K 
is  so  weak. 

We  now  examine  the  theoretical  behavior  of  a 
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Fit.  I.  THEORETICAL  OEFERMMCC  OF  MAXIMUM  REFLECT  I  CM 
COCFFICIENT  WITH  IROOYE  MFTH  *EM  IECCRO 
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(*  •  .335).  tTOMO  i«ht  moit  <u  *» 
HCUrtAlUt),  AtlUHCt  I,  •  13.4. 


FH.  9.  UAttm  RMAJI  SHIFT  VS.  FRfMCNCV  MM  MAM  (fo). 
A:  (XFtHHCNT.  200  MOOVtS  y  -  *  UMOj, 

(k/lt)  %  .016  tj.  MCLMAILI1,  UNFUKttMD). 
it  theory,  200  amoves  *  •  .335,  0>/»t)  >  .015, 
*  ■  45*  (ASItMP). 


grating  expected  near  second-harmonic.  Figure  8 
shows  experimental  measurements  of  the  maximum 
grating  reflection  coefficient  (D ,  as  a  func¬ 
tion  of  groove  height,  near  second-harmonic,  made 
by  Li  et  al.3  for  gratings  on  y  -  z  LiNbC>3. 

We  again  show  the  behavior  predicted  by  their 
stored  energy  model  (incorporating  an  empirically 
derived  constant)  and  the  theoretical  behavior 
predicted  by  the  present  theory  for  various 
groove  slopes.  The  stored  energy  model  and  the 
present  theory  both  predict  r  to  within  the 
experimental  uncertainty  of  the  data.  In  addi¬ 
tion,  however,  our  theoretical  analysis  also 
predicts  bulk  radiation  loss  at  this  frequency. 

In  Fig.  8  we  show  also  the  second-order 
reflection  coefficient  predicted  by  the  theory 
for  a  sinusoidal  grating  having  the  same  Bragg 
reflection  coefficient  as  a  trapezoidal  grating. 
The  reflection  of  the  sinusoidal  grating  at 
second-harmonic  is  very  much  reduced  from  that  of 
a  trapezoid.  The  message  here  is  that  second- 
order  effects  can  be  considerably  reduced  in  a 
grating  that  avoids  sharp  comers  and  vertical 
sides.  A  sinusoidal  grating  ideally  has  the 
lowest  second-order  effects. 

We  now  examine  the  transmission  phase  re¬ 
sponse  through  a  SAW  grating  predicted  by  the 
present  theory.  As  we  have  demonstrated  the 
theory  predicts  a  second-order  reduction  in  the 
surface  wave  velocity  beneath  a  grating,  compared 
with  that  on  a  free  surface.  This  reduction  in 
the  wave  velocity  causes  a  wave  travelling  under 
the  grating  to  suffer  an  increased  phase  delay 
compared  to  a  wave  travelling  an  equal  distance 
on  the  free  surface.  In  Fig.  9  we  show  such  a 
phase  delay  for  a  grating  on  y  -  z  LiNbO,  as 
measured  by  7.  Melngailis  ^Lincoln  Lab. ,  unpub¬ 
lished)  .  The  measured  phase  delay  is  shown  as  a 
function  of  frequency  in  the  neighborhood  of 
Bragg.. 

Assuming  an  arbitrary  groove  slope  of  45° , 
and  a  grating  depth  of  (h/Xr)  =  .015  we  used  a 


coupling  of  modes  analysis,  together  with  our  cen¬ 
ter  of  the  gap  analysis  to  predict  the  theoretical 
phase  response  around  Bragg.  The  result  of  the 
analysis  is  also  shown  in  Fig.  9.  The  agreement 
of  the  theory  to  experiment  is  very  good;  the 
theory  even  succeeds  in  closely  predicting  the 
structure  of  the  observed  ripples  in  the  response. 
Such  good  agreement* may  make  the  measurement  of 
grating  depth  and  groove  profile  possible  by  such 
electrical  measurements. 


Ml.  10  THEORETICAL  MFfNDtNCC  OF  MAXIMUM 
RCFLECTIOW  COEFFICIENT  WITH  IROOVE/ 
ITRIF  RATIO  MEM  MMO  FOR  200 
(MOVES  M  r  ■  1  UHbOj  (v  -  ,JJ$, 

*  -  45*), 


In  Fig.  10  we  show  the  dependence  of  the 
maximum  grating  reflection  coefficient  (T)  on 
the  groove  to  strip  ratio  (G/S)  fo.  a  typical 
grating,  taking  into  account  second-order  effects. 
This  dependence  is  shown  for  several  groove 
heights.  The  magnitude  of  the  reflection  coef¬ 
ficient  is  skewed  about  G/S  =  1  by  second-order 
effects.  To  first-order  we  would  expect  T  to  be 
a  maximum  for  G/S  =  1.  However,  as  G/S  is  re¬ 
duced  (<  1)  the  increase  in  the  second-order 
grating  reflection  more  than  compensates  for  the 
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decrease  in  the  first-order  coefficient.  If  the 
G/S  ratio  is  increased  (>  1)  in  addition  to 
the  reduction  in  the  first-order  reflection  coef¬ 
ficient  the  second-order  reflection  is  out  of 
phase  and  thus  r  decreases  rapidly.  To  minimize 
the  sensitivity  of  r  to  fabrication  tolerances 
for  G/S,  Fig.  10  suggests  that  a  groove  strip 
ratio  of  <1  may  be  desirable. 

In  Fig.  11  we  show  the  theoretical  second- 
order  frequency  shift  of  a  grating  on  y  -  z 
LiNbO  (v  =  .335).  It  can  be  seen  that  the 
latter  is  not  a  strong  function  of  the  G/S  ratio 
for  G/S  >  ■v.S.  We  thus  can  control  the  second- 
order  reflection  coefficient  and  frequency  shift 
relatively  independently.  The  former  is  most 
sensitive  to  the  groove/strip  ratio  while  the 
latter  is  most  sensitive  to  the  groove  slope. 

Such  control  may  find  useful  application  in  the 
trimming  of  gratings  after  fabrication. 


FIG.  11.  THEORETICAL  DCFCNOENCC  OF  TEC0ND- 

ORDER  COEFFICIENT  NITH  GROOVt/STRIR 
RATIO  NEAR  ARA00  FOR  ORATING  ON 

y  .  I  undo,  (»  .  .3J5,  •  ■  CIS*). 


Conclusions 

The  second-order  theory  developed  has: 

1.  Derived  second-order  quantities  theoretically 
without  the  need  for  empirical  constants. 

No  perturbation  techniques,  truncation  of 
numerical  integration  are  required  in  the 
solutions. 

2.  Demonstrated  the  critical  importance  of 
groove  shape  in  determining  second-order 
effects.  Vertical  grooves  have  ideally 
infinite  second-order  effects. 

3.  Predicted  the  second-order  resonator  fre¬ 

quency  shift  observed  in  SAW  gratings. 

4.  Suggested  how  gratings  with  low  second- 
order  effects  may  be  designed.  A  pure 
sinusoidal  grating  profile  produces  the 
lowest  second-order  effects. 

5.  Predicted  the  transmission  phase  response 

through  a  SAW  grating. 

6.  Predicted  the  strong  reflection  observed 

in  gratings  at  the  second-harmonic. 
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Summary. 

In  this  paper,  we  first  breafly  examine  the 
principal  characteristics  of  acoustic  surface  wave 
Hermito-Gaussian  beams  in  amplitude  and  phase.  We 
then  describe  a  resonator  supporting  these  transver¬ 
se  modes. 

Some  theoretical  diffraction  loss  curves  are 
given  showing  the  new  resonator  geometry  advantages. 
Measured  transverse  amplitude  profiles  in  such  a 
resonator  will  be  presented  and  compared  with  theo¬ 
ry.  Then  a  resonator  excited  by  a  combination  of  :wo 
transverse  modes  will  be  discussed. 

Introduction. 

Conventional  acoustic  surface  wave  resonators 
are  analogous  to  the  well-known  plane-parallel  Fa- 
bry-Perot  configuration  in  optics  with  the  differen¬ 
ce  of  distributed  reflectors. 

Haus1  has  theoretically  calculated  the  trans¬ 
verse  modes  due  to  guidance  at  grating  edges,  which 
exist  in  surface  acoustic  wave  distributed  reflec¬ 
tors.  These  modes  have  rather  complicated  and  varia¬ 
ble  ohape  when  tiequein-y  vaLxeu,  aim  do  not  lead  CO 
easy  determination  of  diffraction  losses  caused  by 
the  non-guiding  cavity  between  the  two  reflectors. 
Experimental  verification  has  confirmed  the  presence 
of  noticeable  acoustic  energy  at  grating  edges  which 
can  lead  to  extra-losses  due  to  non  ideal  grating 
edge3  and  to  diffraction  in  non  guided  modes2. 

Using  analogy  with  a  concave  mirror  lacer  cavi¬ 
ty,  we  propose  a  new  geometry  for  surface  acoustic 
wave  gratings  where  curved  elementary  reflectors 
follow  equiphase  lines  of  Gaussian  acoustic  beams. 

Hermito-Gaussian  A.S.W.  beams.. 


Background  : 

3 

It  has  been  shown  that  if  A.S.W.  velocity  has 
a  parabolic  behaviour  versus  propagation  angle 
around  a  central  propagation  direction  (and  in  a 
sufficiently  wide  angular  aperture  determined  by 
transverse  source  size),  then  a  beam  with  transver¬ 


se  Hermito-Gaussian  shape  can  freely  propagate  and 
diffracts,  without  loosing  its  shape,  according  to 
simple  mathematical  expressions.  This  parabolic  velo¬ 
city  behaviour  is  found  for  X  propagating-ST  Quartz 
which  is  often  used  in  a.s.w.  resonators. 

Mathematical  formulation  : 


We  write  the  a.s.w.  field  as  : 

an(y>*)  ,e*p[  J  (Dn(y>*)]  (1) 

z  being  the  longitudinal  coordinate,  y  the  transver¬ 
sal  one  ;  a  denotes  the  amplitude,  0  the  phase  of 
the  a.s.w.  ljeam.  n 

Amplitude  is  given  by  : 

a„(v,.)  :i/^/w,,)  ]  <2> 

The  first  term  yw0/w(z)  gives  amplitude  de¬ 
pendence  with  distance  of  propagation.  The  two  other 
terms  give  amplitude  transverse  dependence  and  its 
spreading  along  distance  according  to  a  characteris¬ 
tic  transverse  dimension  W  (z).  One  has  j 

W(z)  »  W  J 1  +  (z/z  )2  (3) 

o  v  o 

Hn=  s  Hermite  polynomial  of  order  n  (1  if  n=«0). 
Wq  :  beam  spot  size. 

2 

z  =  k  W  /p  :  characteristic  longitudinal  di- 
•  o  o  o 
mension. 


kQ  s  wave  number  for  central  propagation  direc¬ 
tion. 


p  :  coefficient  for  parabolic  anisotropy 
(1.37  for  ST-Quartz). 


Phase  is  given  by  : 

0  n(y,z)  ■  kQz-(n+l/2)arctg  (z/zQ)+ko 


(4) 


with  R(z)  »  pz  [l+(z  /z)2  ]  (5) 
k  z  is  the  usual  propagation  term. 

Tfie  second  term  in  (4)  represents  a  phase  shift 
of  the  gaussian  beam  with  respect  to  a  plane  wave 
reference. 
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The  third  term  gives  the  shape  of  equiphase 
lines  which  are  parabolas  in  the  paraxial  approxi¬ 
mation  used  to  derive  gaussian  beams.  R  (z)  is  their 
radius  of  curvature  along  longitudinal  axis.  These 
equiphase  lines  do  not  depend  of  mode  order  n. 

Characteristic  parameters  for  Hermito-Gaussian 
a.s.w.  beams  are  : 

1. p  :  coefficient  of  parabolic  anisotropy. 

2. W  :  beam  spot  size  (expressed  in  wavelength). 

3. n°s  order  of  the  mode. 


A.S.H.  resonators  with  Hermito-Gaussian  modes. 


If,  in  an  a.s.w.  distributed  grating,  the  ele¬ 
mentary  reflectors'  shape  follow  equiphase  lines  of  a 
given  Hermito-Gaussian  beam,  elementary  reflections 
will  give  rise  to  a  backward  propagating  a.s.w.  beam 
identical  in  shape  to  the  incident  one. 

It  must  be  noted  that  with  this  geometry,  we 
shall  have  the  same  simple  transverse  dependence  of 
the  standing  wave  amplitude  pattern  inside  gratings 
and  inside  the  resonant  cavity.  Another  characteris¬ 
tic  is  that  no  guidance  effect  occurs  at  grating 
edges  ;  so  a.s.w.  energy  can  be  theoretically  as  low 
as  desired  at  these  edges  if  the  reflector  width  is 
large  enough. 


The  following  scheme  has  been  used  to  design 
a.s.w. resonators  supporting  Hermito-Gaussian  modes  : 

1.  choose  beam  parameters  (we  took  fondamental 
mode  :  n“o  so  that  amplitude  has  a  gaussian  transver¬ 
se  shape). 

2.  Draw  elementary  reflectors  having  the  parabo¬ 
lic  shape  of  equiphase  lines.  The  position  is  sligh¬ 
tly  corrected  with  respect  to  the  usual  case  of 
straight  reflectors  to  take  into  account  the  extra 
phase  shift  of  gaussian  beams. 

3.  Use  curved  apodized  transducers  matching  in 
phase  and  amplitude  the  gaussian  beam. 

Figure  (1)  schematizes  one  half  of  such  a  reso¬ 
nator.  b  is  the  cavity  length,  a  its  half  transverse 
width.  Since  our  purpose  was  to  experimentally  verify 
the  resonant  mode  transverse  amplitude  distribution, 
we  have  designed  input  and  output  a.s.w.  transducers 
outside  cavity  in  order  to  be  free  from  parasistic 
light  reflections  when  using  a  laser  probe. 


Potential  advantages  : 


Since  no  guidance  occurs  at  grating  edges,  los¬ 
ses  due  to  edges'  imperfections  are  avoided. 

Amplitude  and  phase  distributions  are  given  by 
simple  mathematical  expressions  inside  gratings  and 
cavity,  leading  to  more  precise  matching  of  input- 
output  transducers  to  the  choosen  resonant  mode. 

Diffraction  losses  are  expected  to  bn  lower 


than  in  plane-parallel  configuration  for  the  same 
transverse  dimehsions  : 

In  order  to  evaluate  diffraction  losses  in 
a.s.w.  resonators,  we  transpose  theoretical  and  nu¬ 
merical  results  established  years  ago  concerning 
diffraction  losses  in  various  laser  cavities4’  . 
Losses  per  half-round  trip  are  given  versus  the 
Fresnel  number  N  : 

2 

H  -  -S—  (6) 

bA 

We  recall  that  b  is  the  cavity  length,  a  its  half¬ 
width.  In  a.s.w.  resonators  it  is  not  obvious  to 
define  the  cavity  length  since  mirrors  are  of  a 
distributed  type.  We  have  assumed  that  the  effective 
length  b  is  close  to  the  geometrical  value.  This 
assumption  is  based  on  the  fact  that  acoustic  energy 
rapidly  exponentially  decreases  while  going  inside 
reflectors.  Another  intricacy,  in  plane-parallel 
configuration,  comes  from  the  fact  that  mirrors  are 
in  fact  resonant  waveguides  with  their  transverse 
modes  set  to  which  the  diffracting  a.s.w.  field 
inside  cavity  should  be  matched  in  order  to  get 
exact  diffraction  losses.  This  may  lead  to  slightly 
higher  losses  than  the  discrete  plane  mirrors  case. 

With  these  restrictions,  figure  (2)  compares 
diffraction  losses  of  a  plane-parallel  cavity  (curve 
2)  and  of  a  confocal  cavity  (curve  1).  For  a  given 
Fresnel  number  N,  a  confocal  configuration  may  have 
losses  orders  of  magnitude  smaller  that  a  plane- 
parallel  one.  Another  formulation  is  that  for  given 
losses,  a  confocal  cavity  may  be  transversally  smal- 

ler*  4  5 

From  curves  given  in  ’  ,  diffraction  losses  per 

half-round  trip  are  approximately  s 

Od  *■  9  10" V1*4  (7) 

for  plane  parallel  configuration. 


tfD-  7.26  10  (8) 

in  confocal  case. 

These  formulas  may  be  used  to  evaluate  diffraction  Q 
in  a.s.w.  resonators. 


Experimental  verification. 


We  have  designed  and  fabricated  a.s.w.  "para¬ 
bolic"  resonators  in  order  to  test  in  a  first  time 
the  transverse  standing  wave  pattern. 
Characteristics  of  these  resonators  were  s 


1.  Substrate  :  X  propagating  ST-Quartz. 

2.  Wavelength  :  34,14  pm  (resonant  frequency 
close  to  92.4  MHz). 

3.  Gratings  :  400  grooves  for  each  reflector 
etched  between  1  X  and  1.3  1  wavelengths. 

4.  Cavity  length  :  b  *  70  wavelengths. 

5.  Cavity  half-width  :  a  *  40  wavelengths (much 
larger  than  necessary  in  order  to  be  sure  to  have 
unmodified  resonant  mode). 

6.  Mode  !  fondamental  gaussian  mode  (n»0)  with 
spot  size  W  *  10  or  5  wavelengths. 


Experimental  results  : 


With  a  laser  probe,  we  made,  near  cavity 
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center,  successive  longitudinal  scans  beginning  on 
cavity  longitudinal  axis  and  then  moving  towards 
edges  with  constant  increment  between  each  scan. 

Figure  (3)  gives  a  pseudo  perspective  view  of 
the  standing  wave  amplitude  pattern  (50|im  between 
successive  scan  lines)  inside  a  parabolic  resonator 
with  W  *  10  wavelengths (irregularities  are  caused 
by  stepping  motor  displacement). 

Transverse  amplitude  profile,  easily  deduced 
from  preceding  results,  is  given  in  figure  (4)  and 
compared  with  theoretical  curve.  Agreement  is  very 
good  ;  experimentally  deduced  W  fits  with  theore¬ 
tical  value  within  1  -  2  Z.  ° 

Gratings  edges  are  shown  by  arrows.  It  is  clear  that 
almost  no  a.s.w.  energy  is  present  near  these  edges 
as  expected. 

For  a  resonator  with  W  =  5  wavelengths,  we 
still  have  good  agreement  as  shown  on  figure  (5). 
Standing  wave  amplitude  is  more  transversely  confi¬ 
ned  (by  a  factor  2)  and  grating  edges  are  well  out  of 
scale  on  this  figure. 

Electrical  transfer  function  of  this  resonator 
is  shown  on  figure  (6).  Q  value  slightly  higher  that 
30,000  is  a  little  bit  better  than  values  obtained 
on  plane-parallel  resonators  we  have  fabricated  in 
the  same  conditions. 

So,  we  have  experimentally  verified  that  it  is 
possible  to  design  a.s.w.  resonators  supporting 
gaussian  modes  with  the  aid  of  simple  formulas  and 
with  good  experimental  agreement. 

Transversaly  multimoded  a.s.w.  resonators. 

In  conventional  s.a.w.  resonators,  transverse 
monomode  operation  is  useful  since  it  allows  higher 
Q.  This  is  obtained  by  weighting  s.a.w.  transdu¬ 
cers.  But  one  can  take  benefit  of  multimoded  resona¬ 
tors. 

For  example,  suppose  that  each  a.s.w.  trans¬ 
ducer  generates  a  combination  of  two  adjacent  Hermi- 
to-Gaussian  resonator  modes.  The  total  electrical 
transfer  function  will  be  a  combination  of  two  par¬ 
tial  ones,  each  corresponding  to  a  specific  trans¬ 
verse  mode.  These  partial  transfer  functions  maihly 
differ  in  their  peak  transmission  frequency  so  that 
we  generally  obtain  a  double  peaked  electrical  res¬ 
ponse.  By  correctly  choosing  the  gap  between  the  two 
modes  resonant  frequencies  (this  gap  depends  on  the 
characteristic  transverse  dimension  W  and  is  easily 
calculated),  a  flat  top  transfer  function  is  obtai¬ 
ned. 

So,  such  a  multimoded  resonator  can  be  used  to 
design  flat-top  bandpass  filters  without  the  use  of 
coupling  mechanism  between  two  identical  a.s.w.  re¬ 
sonators  as  it  is  usually  done. 

Figure  (7)  gives  the  result  of  a  preliminary 
experiment  illustrating  this  possibility.  The  double 
peaked  response  is  clearly  visible  but  important 
losses  are  present  and  the  two  successive  transverse 
resonances  are  too  much  distant  in  frequency.  We 
hope  that  these  troubles  will  be  removed  by  much  care 
in  transducers  design  and  also  in  resonator  geome¬ 
try.  We  are  working  now  in  that  way  and  in  testing 
higher  order  Hermito-Gaussian  modes  resonances  in 
"parabolic"  a.s.w.  resonators. 


Conclusion. 

A.s.w.  resonators  with  Hermito-Gaussian  trans¬ 
verse  modes  have  been  described  and  successfully 
tested.  They  have  some  potential  advantages  compared 
with  plane-parallel  configuration.  Preliminary  re¬ 
sults  on  transversaly  multimoded  resonators  indicate 
the  possibility  of  designing  flat  top  bandpass  reso¬ 
nators  filters  without  the  use  of  coupling  mechanism 
between  two  resonators. 
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Summary 

Multipole  crystal  filter  technology  performs 
a  uniquely  accurate  filtering  function  in  RF  com¬ 
munications  systems.  Described  in  this  paper  is  a 
type  of  coupled  crystal  resonator  or  monolithic 
crystal  filter  using  surface  acoustic  wave  (SAW) 
resonators.  Design  and  fabrication  of  2-pole 
filters  with  insertion  loss  less  than  3  dB,  pass- 
band  ripple  less  than  0.2  dB,  and  a  0.07S  band¬ 
width  at  173.91  MHz  are  described. 

Low  loss,  narrowband  multipole  crystal  fil¬ 
ters  in  the  VHF-UHF  range  will  allow  signal  proc¬ 
essing  normally  performed  at  lower  frequencies  to 
be  done  at  much  higher  frequencies.  Because  the 
SAW  crystal  is  a  "chip"  component,  these  filters 
are  well  suited  to  hybrid  microelectronics  manu¬ 
facturing  methods. 

1.0  Introduction 

Associated  with  modern  RF  comnunications  sys¬ 
tems  is  the  need  to  perform  complex  signal  proc¬ 
essing.  Multipole  crystal  filter  technology  per¬ 
forms  a  uniquely  accurate  filtering  function  in 
these  systems.  The  monolithic  crystal  filter 
building  block  Is  the  2-pole  section  depicted  In 
Fig.  1.  A  classical  "bulk"  coupled  resonator  is 
achieved  by  coupling  two  thickness-mode  resonances 
on  the  same  quartz  blank.  Frequency  is  determined 
by  the  blank  thickness  and  coupling  is  controlled 


Fig.  1  Bulk  wave,  monolithic  2-pole  crystal 
filter. 

by  the  proximity  of  the  resonators  and  their  elec¬ 
trode  thickness.  These  types  of  filters  have  be¬ 
come  common  components  in  Intermediate  (IF)  signal 
processing  at  10.7  and  22.4  MHz.  As  the  frequency 
of  operation  goes  beyond  30  MHz,  the  bulk  wave 


filters  must  be  designed  on  harmonics  of  the  cry¬ 
stal  because  the  thickness  of  the  quartz  blank  be¬ 
comes  prohibitively  small  for  low  cost  and  high 
yield  fabrication  methods  to  be  used. 

Described  in  this  paper  Is  a  type  of  coupled 
crystal  resonator  or  monolithic  crystal  filter 
using  surface  acoustic  wave  (SAW)  resonators.1*2 
The  SAW  crystal  frequency  Is  Independent  of  blank 
frequency  and  SAW  resonator  structures,  both  one 
and  two-port  as  shown  In  Fig.  2,  can  be  fabricated 
at  frequencies  up  to  1  GHz  and  more.3  In  order  to 
achieve  a  two  pole  filter  response  two  crystals 
must  be  coupled  together  using  an  LC  network  to 
control  the  coupling.  However,  by  placing  a  peri¬ 
odic  grating  between  the  transducers  of  two-  port 
structure,  as  shown  In  Fig.  3,  a  two  pole  filter 
response  can  be  achieved  using  only  one  crystal. 
This  type  of  crystal  uses  In-line  or  longitudinal 
elastic  coupling  between  resonant  SAW  cavities 
formed  by  the  reflective  gratings. 


Fig.  2  One  and  two-port  SAW  resonator 
structures. 


2,0  2-Pole  Crystal  Fabrication 

The  electrode  structure  of  the  SAW  2-pole 
crystal  contained  three  periodic  grating  arrays 
with  400,  175,  and  400  lines  respectively.  The 
three  gratings  had  lines  130  wavelengths  long  and 
a  line  to  gap  ratio  of  1.3.  Experimentally  this 
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Fig.  3  In-line  coupled  SAW  monolithic  2-pole 
crystal  filter. 


value  of  t/g  was  found  to  give  maximum  Q.  This  Is 
supportive  of  the  theory  of  reflective  arrays  pro¬ 
posed  by  Wright  and  Haus.4 

Two  40  wavelength  (40  finger-pair)  trans¬ 
ducers  were  symmetrically  placed  within  42.75 
wavelength  gaps  separating  the  reflective 
arrays.  The  transducers  were  apodlzed  with  a 
cosine  (10%  pedestal)  amplitude  weighting  to 
reduce  spurious  mode  generation.  The  periodicity 
of  the  gratings  was  slightly  larger  (0.5%)  than 
the  Interdigital  transducers,  nominally  0.05 
millimeters,  for  a  final  operating  frequency  of 
173.91  MHz  on  ST-quartz. 


The  fabrication  process  Is  depicted  In 
Fig.  4.  After  delineating  the  electrode  pattern 
In  a  Cr-Al  film  (50 A  and  1000 A),  RF  probing  was 
used  to  measure  the  device  unmatched  bandpass 
filter  response.  RF  probing  provided  a  convenient 
and  practical  method  of  monitoring  each  process 
step  following  metallzatlon.  Shown  In  Fig.  5  Is  a 
typical  filter  response  relative  to  the  design 
frequency.  Because  of  the  dispersion  In  the  elec¬ 
trode  design,  the  periodic  reflectors  show  a  weak 
stopband  0.5%  above  F0. 


1.  METALIZATION  -  MASK  *1  <♦> 

2.  RF  -  PROBE  -  PROCESS  CHARACTERIZATION 

3.  TRANSDUCER  PROTECT  -  MASK  #2  C-Y+> 

N.  PLASMA  ETCH  (BATCH) 

uiniinJ-^ — Iruinnr 

5*.  STRIP  METAUZATION 
5b.  STRIP  RESIST 

6.  RF  PROBE  -  PROCESS  CHARACTERIZATION 


7.  SAW  INTO  CHIPS 


V.  _ 7 


8.  RF-PROBE  (SORT) 

9.  MOUNT  AND  CALIBRATE 

tr—n 

i  r 

10.  SEAL 

11.  PRE-AGING  TEST 


12.  AGING 


13.  FINAL  TEST 

Fig.  4  Fabrication  process  for  SAW  resonators. 


Fig.  5  Unetched  and  unmatched  2-pole 
filter  response. 


A  second  photomask  Is  used  to  pattern  photo¬ 
resist  with  windows  over  the  reflecting  arrays. 

The  resist  Is  used  to  protect  the  transducer  elec¬ 
trodes  during  the  next  step,  a  reactive  parallel 
plate  plasma  etch  In  CFa  and  5%  02.  Quartz 
grooves  are  anlsotroplcally  etched  between  the  A1 
lines  In  the  reflectors.  Etch  selectivity  between 
the  quartz  and  the  aluminum  In  this  plasma  Is 
10:1.  The  quartz  was  etched  to  a  depth  of  2500A. 

After  etching  the  quartz,  the  metallzatlon  In 
the  reflectors  and  photoresist  was  removed  and  the 
wafer  again  RF  probed.  Shown  In  Fig.  6  Is  the  un¬ 
matched  filter  response  after  etching.  Due  to  the 
dispersion  as  a  result  of  energy  storage  In  the 
reflector  grooves,4  the  reflective  array  stopbands 
are  now  centered  about  the  design  frequency  as 
shown.  In  Fig.  7  an  expanded  plot  of  the  coupled 
2-pole  crystal  filter  response  Is  shown.  The  small 
ripples  In  the  passband  are  due  to  spurious 
transverse  modes  not  completely  suppressed  by  the 
transducer  apodlzatlon. 

After  probing,  the  wafers  were  diced  into 
chips  approximately  7.5  x  2.5  mm.  The  chips  were 
mounted  to  a  16  pin  dual  In-line  header  as  shown 
In  Fig.  8  using  polylmide  epoxy5  and  then  gold 
leads  were  thermocompression  bonded.  The  crystals 
were  calibrated  using  a  low  power  CFg  plasma  etch 
Immediately  prior  to  sealing  under  vacuum  in  a 
capacltlvely  discharged  resistance  welder.  Cali¬ 
bration  was  done  such  that  the  center  frequency 
was  equal  to  the  frequency  of  the  second  trans¬ 
verse  mode  as  shown  In  Fig.  7,  and  this  provided  a 
response  which  was  optimal  for  a  ±  75°C 
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Fig.  6  Unmatched  crystal  filter  response  after 
plasma  etching. 


Fig.  7  Expanded  filter  response  showing 
mode  coupling. 


temperature  excursion  about  the  crystal  turning 
point  temperature. 


Fig.  8  16-pin,  dual -In-line  crystal  package  used 
for  filters. 
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Fig.  9  Electrical  matching  circuit  used  for 
2-pole  filters. 


3.0  Matched  2-Pole  Filter 

To  obtain  a  maximally  flat  bandpass  filter 
response  the  2-pole  crystal  was  matched  to  Its 
characteristic  Impedance,  typically  200  ohms, 
using  the  LC  transformers  shown  In  Fig.  9.  The 
shunt  Inductors  were  tuned  using  capacitive 
trimmers  to  give  zero  Input/output  reactance  at 
the  center  frequency  of  the  filter.  The  series 
capacitor  was  selected  to  give  the  correct  trans¬ 
formed  impedance  ratio,  4:1  for  a  50  ohm  output. 
Shown  in  Fig.  10  Is  a  typical  tuned  filter  re¬ 
sponse.  The  3  dB  bandwidth  Is  approximately  0.07 % 
or  122  kHz  at  173.91  MHz,  and  the  Insertion  loss 
was  3  dB  maximum.  Approximately  1  to  2  dB  of  loss 
was  found  to  be  In  the  matching  networks,  pri¬ 
marily  In  Inductive  losses. 

Out-of-band  rejection  for  the  2-pole  filter 
was  limited  by  direct  electrical  and  elastic  feed- 
thru.  For  frequencies  close  to  the  passband,  ±1%, 
the  feedthru  wa:  elastic  and  resulted  from  rela¬ 
tively  wideband  transducer  to  transducer  delay 
line  transmission.  Beyond  ±2%  the  feedthru  was 
electrical  In  nature  and  nominally  -50  dB  per  2- 
pole  section. 

The  phase  response  of  two  separate  crystal 
filters  is  shown  In  Fig.  11  and  was  linear  with  a 
negative  slope  of  -1.5  deg/kHz. 
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Fig.  10  Electrically  tuned  2-pole  filter 
response. 


Repeatability  and  uniformity  of  batch  proc¬ 
essed  and  calibrated  filter  chips  Is  evident  In 
Fig.  11,  and  In  Fig.  12  the  phase  difference  over 
the  passband  of  the  two  filters  Is  shown.  Phase 
tracking  between  filter  pairs  was  typically  ±2.5 
over  a  50  kHz  Information  bandwidth  as  shown  In 
Fig.  12. 


173.81  173.91  174.01 

FREQUENCY  (MHz) 

Fig.  11  Phase  response  for  two,  2-pole, 
crystal  filters. 


173.81  173.91  174.01 

FREQUENCY  (MHz) 

Fig.  12  Phase  tracking  for  two,  2-pole  crystal 
filters. 


4.0  Discussion  of  Results 

2-Pole  monolithic  crystal  filters  using  sur¬ 
face  acoustic  waves  have  been  demonstrated  which 
had  Insertion  losses  less  than  3  dB  at  173.91 
MHz.  These  crystal  filters  are  "chip"  mounted  and 
compatible  with  standard  RF  hybrid  manufacturing 
techniques.  Bandwldths  of  the  experimental 
filters  were  typically  0.07?. 

Controlling  the  number  of  grooves  and  the 
groove  depth  In  the  center  reflective  array  of  the 
electrode  pattern  provides  a  convenient  design 
method  for  filter  bandwldths  0.01  to  0.15?. 

The  2-pole  crystal  filter  Is  the  basic  build¬ 
ing  block  for  filters  with  more  than  two  poles  of 
selectivity.  Although  Involving  more  than  just 
cascading  2-pole  lattice  sections,6  the  design 
techniques  are  well  known  and  are  not  presented 
here.  The  procedure  Is  to  adjust  the  coupling 
between  lattice  sections  electrically.  The  main 
limitation  on  the  number  of  poles  of  selectivity 
that  can  be  achieved  Is  the  SAW  resonator  Q. 
Functional  dependence  Is  commonly  described  In 
terms  of  resonator  Q  normalized  to  the  Q  of  the 
filter  being  synthesized.  For  example  assuming  an 
individual  resonator  Q  of  25,000  and  a  filter  band¬ 
width  of  1000  ppm,  the  normalized  resonator  Q  would 
be  25.  Using  multi  pole  filter  design  tables7  with 
a  0.1  dB  passband  ripple,  and  Information  on  the 
maximum  achievable  resonator  Q  as  a  function  of 
frequency,8  the  minimum  filter  bandwidth  as  a  func¬ 
tion  of  frequency  with  the  number  of  poles  as  a 
parameter  Is  shown  in  Fig.  13. 

The  absolute  minimum  bandwidth  (dotted  line) 

Is  arbitrarily  selected  as  100  ppm  because  this  Is 
the  amount  of  temperature  Instability  associated 
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with  ST-cut  crystals  over  a  nominal  125°C 
temperature  range.  These  design  curves  show  that 
an  8-pole  SAW  multipole  filter  may  be  fabricated  at 
150  MHz  with  a  minimum  400  ppm  bandwidth  or  60  kHz. 

In  summary,  surface  acoustic  wave  structures 
with  responses  similar  to  monolithic  "bulk"  crystal 
filters  have  been  achieved  which  show  extremely  low 
Insertion  loss  In  the  VHF-UHF  range,  typically  1  - 
3  dB.  Applications  for  these  filters  Include  the 
following:  front-end  filters  for  single  channel 
receivers,  Image  rejection  filters  for  mixer 
outputs  In  frequency  translators,  and  In  oscillator 
or  multiplier  chain  output  sections. 


CENTER  FREQUENCY  OF  FILTER  (MHz) 

Fig.  13  Minimum  achievable  3  dB  bandwidth  for 
multi  pole  crystal  filters  with  0.1  dB 
ripple. 

The  availability  of  low  loss,  narrowband  8- 
pole  crystal  filters  In  the  UHF  range  will  enable 
RF  signal  processing  normally  performed  at  lower 
frequencies  to  be  done  at  much  higher  frequencies. 
Because  the  SAW  crystal  Is  a  "chip"  component, 
these  types  of  filters  are  well  suited  to  hybrid 
microelectronics  fabrication  methods. 
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Abstract 

Surface  acoustic  wave  (SAW)  resonators  suit¬ 
able  for  systems  applications  are  being  produced  in 
our  laboratory  at  frequencies  as  high  as  1.43  GHz. 
These  two-port  single-pole  devices,  which  have  dis¬ 
tortionless  response  characteristics  and  high  Q 
values  [Q  2 10,400/F(GHz) 3  may  be  used  to  stabilize 
UHF  osciliators  or  as  narrowband  filters.  These 
resonators  have  the  advantages  of  small  size,  low 
matched  insertion  loss  («3dB  at  1GHz) ,  and  rela¬ 
tively  high  input  power  levels  («+15dBm) .  Design 
techniques  used  to  eliminate  distortions  and  reduce 
losses,  and  the  fabrication  steps  used  to  produce 
devices  with  linewidths  down  to  0.55  microns,  are 
outlined. 

Resonators  are  currently  in  production,  or  are 
under  development,  in  our  laboratory  for  use  in  a 
radar  system  test  set  oscillator  (at  840  MHz)  and 
as  a  frequency  source  noise  suppression  filter  (at 
500  MHz) .  These  devices  and  the  applications  are 
described  and  resonators  are  seen  to  contribute 
significantly  to  the  reduction  in  size,  complexity 
and  power  consumption  of  UHF  sub-systems.  Phase 
locking  a  UHF  SAW  oscillator  to  a  low  frequency 
bulk  mode  source  is  also  discussed  as  a  method  of 
obtaining  optimum  UHF  source  performance. 

Introduction 

The  single-pole  SAW  resonator  has  been  de¬ 
veloped  to  the  extent  that  the  systems  designer  now 
has  available  a  class  of  high  Q  devices  at  frequen¬ 
cies  far  above  those  of  bulk  mode  crystal  resona¬ 
tors.  Resonators  have  been  fabricated  at  frequen¬ 
cies  in  excess  of  1.4  GHz,  with  unloaded  Q  values 
approaching  or  exceeding  the  published  material 
limits,  and  with  distortionless  response  character¬ 
istics.  These  devices  offer  the  advantages  of 
small  size,  relatively  high  power  handling  capacity, 
linear  phase  characteristics,  and  the  potential  for 
a  substantial  reduction  in  sub-system  complexity, 
weight,  and  power  consumption. 

In  this  report  we  shall  discuss  the  character¬ 
istics  of  state-of-the-art  two-port  SAW  resonators 
being  produced  in  our  laboratory,  the  design  and 
fabrication  techniques  used  to  attain  low-loss  dis¬ 
tortion-free  characteristics,  and  two  applications 
of  these  devices  in  UHF  frequency  sources.  Aspects 
of  resonator  performance  requiring  further  develop¬ 
ment  are  also  summarized. 


Two-Port  Resonator  Characteristics  and  Uses 

At  present  we  can  reliably  produce  SAW  reso¬ 
nators  at  frequencies  up  to  1.43  GHz  on  quartz. 
This  upper  limit  is  set  by  the  availability  of 
good  quality  photolithographic  masks  with  line- 
widths  down  to  0.55  microns.  The  lower  frequency 
limit  is  about  100  MHz  which  is  due  to  the  large 
device  size  (>2  inches  in  length)  at  or  below  this 
frequency.  The  maximum  possible  unloaded  Q  values 
are  determined  by  the  inherent  material  losses  due 
to  viscosity.  The  published*  value  (measured  at 
1  GHz)  of  surface  wave  attentuation  for  the  ST-cut 
of  quartz  (42.75°  rotated  Y)  results  in  an  expected 
unloaded  Q  value  given  bys  Qu  =  10,400/F(GHz) . 

In  Fig.  1  we  show  the  expected  Qu  and  the  maximum 
unloaded  Q 1 s  of  four  two-port  SAW  resonator  de¬ 
signs.  This  data  is  summarized  in  Table  1  below. 


Fig.  1  predicted  and  experimental  values  of 

unloaded  Q  for  two-port  SAW  resonators. 
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Table  1 


Frequency 

(MHz) 

Expected 
Max:  Q 

urn 

Experimental: 

®uE 

0  /o 

uE 

98.5 

105,500 

80,500 

.76 

500 

20,800 

22,050 

1.06 

840 

12,400 

13,900 

1.12 

1430 

7,370 

6,080 

.84 

From  these  data  one  can  see  that  Improvements  are 
necessary  at  the  low  and  high  end  of  the  frequency 
range,  but  that  the  expected  values  of  Qu  are 
lower  than  those  actually  obtained  in  the  UHF  fre¬ 
quency  range.  We  conclude  that  the  quartz  we  use 
is  lower  loss  than  that  on  which  the  published1 
attenuation  data  were  taken. 

Narrow  and  wideband  views  of  the  frequency 
response  of  a  two-port  SAW  resonator  filter  oper¬ 
ating  at  1.43  GHz  are  shown  in  Fig.  2.  The  3dB 
bandwidth  was  280  KHz  measured  in  a  500  system, 
electrically  unmatched,  in  air.  The  associated  Q 
values  ares  Qj,  =  5100  (loaded  in  air) ,  Qv  =  5750 
(loaded  in  vacuum)  and  Qu  =  6080  (unloaded) .  The 
unloaded  Q  is  about  84%  of  the  reportc  material 
limit  of  7370  at  this  frequency.  The  resonance  is 
seen  to  be  free  of  distortions  and  unwanted  reso¬ 
nances  and  the  out-of-band  rejection  is  about  28  dB. 
The  ripple  off-resonance  has  been  suppressed  to  a 
relatively  low  level  by  withdrawal  weighting  the 
reflectors2.  The  photograph  in  Fig.  3  shows  a 
1.43  GHz  resonator  mounted  in  a  TO-5  header  where 
a  1  cm  line  is  given  for  comparison. 

The  response  of  a  500  MHz  two-port  resonator 
designed  to  be  a  frequency  source  noise  suppression 
filter  is  shown  in  Fig.  4.  This  response  is  also 
seen  to  be  symmetric  with  no  unwanted  resonance 
modes.  The  electrically  Hatched  response  is  given 
in  section  (a)  with  a  loss  level  of  1.9  aB.  The 
matched  Q  is  2500,  and  the  off-resonance  peak-to- 
peak  ripple  is  about  1  dB.  This  low  value  of 
ripple  has  been  achieved  using  a  new  type  of 
reflector  utilizing  withdrawal  weighting  and  seg¬ 
mented  lines.  The  unmatched  response  with  a  loss 
of  12.6  dB,  end  a  Q  =  10,000  is  shown  in  Fig.  4(b). 

In  actual  operation,  the  input  power  level  to 
the  500  MHz  devices  will  be  +15  dBm.  SAW  reso¬ 
nators  at  840  MHz  are  presently  being  used  in  a 
radar  system  oscillator  with  an  input  power  level 
of  +14  dBm,  and  for  these  devices  response  degra¬ 
dation  did  not  occur  until  the  input  power  ap¬ 
proached  +30  dBm.  These  results  demonstrate  that 
SAW  resonators  can  be  operated  at  relatively  high 
input  power,  a  fact  which  will  allow  lowered  noise 
levels  in  SAW  resonator  stabilized  oscillators, 
for  example. 

The  device  size  is  typically  1600x  long  and 
501  (plus  two  connecting  pad  widths)  wide.  At 
800  MHz,  for  example  where  the  wavelength,  X,  is 
about  4  microns,  a  de\ ice  substrate  is  about  6  mm 
long  by  1  mm  wide.  This  small  size  at  UHF  fre¬ 
quencies  makes  SAW  resonators  very  attractive  for 
applications  where  space  and  weight  must  be  reduced. 
In  addition,  the  high  power  handling  capacity  and 


relatively  low  matched  loss  (<3dB)  permits  further 
reductions  in  component  count  as  compared  with  SAW 
delay  line  filters. 
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Fig.  2  Frequency  response  of  a  1.43  GHz  two-port 
SAW  resonator.  The  narrowband  view 
covering  3.5  MHz  about  resonance  is  shown 
in  (a)  and  a  wideband  view  covering  40  MHz 
is  in  (b) .  The  unloaded  Q  is  about  6100 
or  84%  of  the  maximum  expected  value. 

The  temperature  coefficient  of  frequency  for 
the  ST  and  related  cuts  of  quartz  is  zero  to  first 
order,  but  they  have  second  order  frequency  changes 
given  by  AF/F0  «30  x  10“9  (T-T0)2  where  T  is  in  °C, 
and  T0  depends  on  the  exact  cut  angle.  For  the  ST 
cut,  an  unmetalized  surface  has  T0  =  20°C,  but  this 
decreases  by  10°c  or  so  when  interdigital  electrode 
transducers  are  placed  on  the  surface.  Other  cuts 
of  quartz,  some  doubly  rotated,  have  been  found3 
with  second  order  coefficients  as  low  as  17  x  10-9 
but  most  have  non-zero  power  flow  angles,  or  lower 
electroacoustic  coupling  coefficients.  These  cuts, 
particularly  the  23°  rotated  V  cut  (propagation  at 
41°  from  the  x  axis) ,  deserve  experimental  investi¬ 
gation,  however,  as  a  possibility  for  improved 
temperature  performance.  Surface  waves  have  also 
been  predicted1*  to  have  a  zero  first  order 
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temperature  ccefficic.-.i  of  frequency  on  the  SC  cut 
(Euler  angles  22. A0,  34. 3°, 0°)  with  propragation 
at  -15°  from  the  direction. 


79-579 

Fig.  3  Photograph  of  a  1.43  GHz  SAW  resonator  in 
a  T0-5  header. 


The  aging  characteristics  of  UHF  SAW  reso¬ 
nators  have  not  been  investigated  thus  far  to  our 
knowledge.  Investigations5  at  160  MHz  show  that, 
with  good  packaging  techniques,  aging  rates  bn  the 
order  of  0.5  x  10“ vday  can  be  achieved.  Thus,  in 
the  UHF  range,  aging  rates  on  the  order  of  1  to 
2  x  10“9/day  should  be  achievable  using  currently 
available  packaging  Methods. 

Multipole  filters  may  also  be  made  using  SAW 
resonators  and  a  number  of  coupling  schemes  have 
been  investigated5 .  We  have  made,  two-pole  reso¬ 
nator  filters,  by  cascading  single-pole  500  MHz 
two-port  devices,  which  have  5dB  loss  and  in 
excess  of  50  dB  out-of-band  rejection.  We  plan 
further  work  in  the  development  of  UHF  multipole 
resonator  filters. 

Resonator  Design 

A  single-pole  SAW  resonator  utilizes  two  dis¬ 
tributed-grating  surface  wave  reflectors  forming  a 
resonant  cavity.  The  cavity  may  contain  either  one 
or  two  interdigital  transducers.  These  elements 
which  are  fabricated  on  the  highly  polished  surface 
of  a  piezoelectric  plate,  are  shown  diagramatically 
in  Fig.  5  (a)  for  a  two-port  device.  Distributed- 
grating-reflectors,  consisting  of  long  arrays  of 
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Fig.  4  Frequency  response  of  a  500  MHz  two-port 
SAW  resonator.  The  electrically  matched 
loss  level,  shown  in  (a) ,  is  1.9  dB  with  a 
loaded  Q  of  2500.  In  section  (b)  the  un¬ 
matched  response  is  given  where  the  loss 
is  12.6  dB  and  the  Q  is  10,600. 


SURFACE  WAVE 
QRATINQ  REFLECTOR  SURFACE  WAVE 


RECESSED  TRANSDUCER 
REFLECTOR  GROOVE  ELECTRODE 

h^rLnf^u  bi4- 
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Fig.  5  (a)  Diagram  of  a  two-port  SAW  resonator 

showing  overlap  weighted  transducers  and 
withdrawal  weighted  ref. jctors,  and  (b) 
a  section  view  of  the  recessed-aluminum- 
transducer/etched-groove-ref lector  con¬ 
figuration  used  to  fabricate  UHF  devices 
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lightly  reflecting  elements,  are  used  since  they 
are  the  only  low  loss  surface  wave  reflectors 
known.  Reflectors  must  be  long  enough  to  reflect 
most  of  the  incident  energy,  they  should  be 
weighted  to  reduce  reflection-side-lobes,  spaced 
to  allbw  only  one  symmetric,  resonance  mode  (the 
reflector  stopband  width  is  about  0.5%)  and  of 
such  a  nature  as  to  reduce  scattering  losses  and 
minimize  aging,  in  order  to  meet  these  require¬ 
ments  we  have  chosen  to  use  reflectors  consisting 
of  grooves  etched  into  the  substrate  surface  which 
are  on  the  order  of  .01  XQ  deep,  where  XQ  is  twice 
the  groove  period  (d)  shown  in  Fig.  5  (b) .  Design 
data  for  uniform  and  withdrawal  weighted  reflectors 
has  been  presented  previously2'7.  The  best  re¬ 
sults,  experimentally2,  using  withdrawal  weighting 
was  a  peak-to-peak  ripple  level  of  about  2  dB; 
down  from  about  8  dB  for  uniform  reflectors.  To 
further  reduce  the  off  resonance  ripple  we  have 
developed  a  reflector  which  is  withdrawal  weighted 
in  lightly  weighted  sections  (high  reflectivity 
per  unit  length)  and  weighted  with  segmented 
lines8'9  where  weighting  is  heaviest  (low  reflec¬ 
tivity)  .  This  combined  type  of  reflector,  shown 
schematically  in  Fig.  6,  allows  an  experimental 
reduction  of  off-resonance  ripple  to  1  dB  or  less, 
while  permitting  redu<-? '  photolithographic  mask 
costs  compared  to  the  costs  of  a  mask  with  purely 
segmented-line  reflectors.  The  combined  type  re¬ 
flector  may  also  be  used  to  reduce  mask  costs  in 
devices  such  as  reflective  array  filters10  and 
compressors,  which  require’  right  angle  reflections. 

The  surface  wave  transducers  used  for  UHF 
devices  are  of  the  recessed-aluminum  configu¬ 
ration11  of  Fig.  5(b)  with  overlap  weighting12 
to  eliminate  higher  order  transverse  mode  dis¬ 
tortions.  The  recessed-transducer  configuration 
has  very  low  surface  wave  reflectivity  (the 
reflectivity  of  other  configurations  will  either 
cause  distortions1 3  or  result  in  reduced  electro- 
acoustic-coupling11*)  allowing  an  undistorted 
response  with  maximum  coupling,  and  the  configu¬ 
ration  is  compatible  with  straight-forward 
fabrication  procedures.  The  transducer  electrode 
period  is  the  same  as  that  of  the  reflectors,  and 
the  electrodes  are  positioned  so  as  to  have  their 
centers  on  the  peak  of  the  voltage  standing-wave 
pattern  in  the  cavity.  For  grooved  reflectors  on 
quartz,  the  electrode  centers  must  be  an  integer 
number  of  half-wavelengths  (MX0/2  from  the  inside 
edge  of  a  reflector. 

A  knowledge  of  the  three  surface  wave  veloci¬ 
ties  involved  in  the  device  (free  surface:  vs  = 
3157.8;  the  velocity  in  the  transducers;  and  that 
in  the  reflectors)  is  required  to  properly  design 
a  SAW  resonator.  We  have  experimentally  deter¬ 
mined7  how  these  latter  two  velocities  vary  with 
etch  depth  or  metal  thickness  and  the  velocity 
reduction  from  the  free  surface  value  is  in  the 
range  of  0.1  to  0.3%.  Typical  parameters  for 
two-port  UHF  devices  are:  reflector  length  750Xo 
(for  a  cosine  weighting),  transducer  length  »30Xo» 
cavity  length  (edge  to  edge)  »75X0,  etch  depth 
w.OIXo  (.015Xo  at  1.4  GHz),  and  acoustic  aperture 
«50Xo.  In  general  shallower  grooves,  percentage¬ 
wise,  allow  longer  cavities  with  no  additional 
longitudinal  modes.  As  a  guide,  the  edge-to-edge 


length  should  be  less  than  twice  the  distance 
from  the  reflector  edge  to  the  effective  center 
of  reflection. 


WITHDRAWAL 

WEIGHTED 


(b) 


SEGMENTED 
LINE 

•Mil 


Fig.  6  Schematic  diagram  of  combined  type 

(withdrawal-weighted  plus  segmented  lines) 
reflector  (b) ,  for  a  given  relative 
reflectivity  distribution  (a) .  This  type 
of  reflector  permits  devices  to  be  fabri¬ 
cated  with  off-resonance  peak-to-peak 
ripple  levels  of  1  dB  or  less. 

The  resonator  design  data  is  utilized  by 
computer  routines  that  develop  and  place  on  mag¬ 
netic  tape  the  digitizing  instructions  required 
for  an  optical  pattern  generator,  such  as  the 
Electromask  2000l5  A  10X  reticle  is  produced  that, 
is  used  to  make  the  low  reflectivity  chrome  master 
containing  an  array  of  patterns  at  IX.  Utilizing 
masks  such  as  shown  in  Fig.  7,  we  have  produced 
as  many  as  12  UHF  devices  on  a  substrate,  which 
was  subsequently  diced. 
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Pig.  7  Photograph  of  a  portion  of  a  chrome  photo¬ 
lithographic  mask  with  an  array  of  two 
resonators  plus  reflector  exposure  blocks. 
Masks  with  4  to  6  such  patterns  are  used 
depending  on  device  frequency. 


Resonator  Fabrication 

We  fabricate  resonators  using  optical  contact 
printing  to  replicate  the  mask  pattern  on  a  photo¬ 
resist  coated  substrate,  and  ion  beam  etching  to 
form  the  reflector  grooves  and  transducer  recesses. 
We  are  able  to  obtain  good  quality  masks  with  line- 
widths  down  to  0.55  microns  from  our  corporate 
mask-making  facility.  These  masks  are  replicated 
by  ensuring  intimate  mask-substrate  contact.  Our 
procedures  are  effective  in  good  measure  because 
the  total  pattern  area  is  small;  not  more  than 
15  x  15  mm  for  an  array  o^  6  patterns  at  800  MHz. 
Further,  it  has  been  recognized16  that  contact 
printing  will  allow  replication  of  patterns  with 
linewidths  below  0.4  urn,  the  lower  limit  depending 
on  the  wavelength  of  light  used.  Replication  is 
performed  in  a  conventional  mask  aligner  with  a 
standard  ultraviolet  light  source  having  a  peak 
intensity  at  about  3500  8. 

The  quartz  substrates  are  synthetic  and  have 
a  standard  "surface  wave"  finish  but  are  specified 
to  contain  no  crystallographic  growth  zone  bounda¬ 
ries.  The  photoresist  used  is  Shipley17  AZ-1350 
spun  onto  a  thickness  of  about  8000  8.  The 
remainder  of  the  fabrication  process  * s  given  in 
detail  in  Ref.  13  and  only  the  salient  features 
ore  reported  here.  The  entire  array  of  resonator 
patterns  is  exposed  into  the  photoresist  which  is 
then  developed.  The  entire  pattern  is  then  ion- 
beam  etched  to  the  desired  depth.  This  form  of 
etching  is  used  because  of  the  high  degree  of 
control  and  repeatability  possible.  We  have  found, 
however,  that  small  variations  in  etch  depth,  on 


the  order  of  5  to  8%,  have  little  effect  on  the 
resonance  frequency  since  it  is  the  cavity  length 
which  is  the  primary  factor  in  setting  the  fre¬ 
quency.  The  entire  pattern  is  then  metalized,  with 
about  100  A  of  chromium  for  adhesion  plus  enough 
aluminum  to  fill  the  etched  grooves.  Note  that 
the  reflectors,  as  well  as  transducer  grooves, 
are  metalized.  The  lift-off  technique  is  then 
employed  to  leave  a  clear  substrate  with  metal 
filled  grooves.  The  substrate  is  then  coated  with 
resist  a  second  time  and  only  the  reflector  sec¬ 
tions  are  exposed  using  the  exposure  blocks  seen 
in  Fig.  7.  Following  resist  development,  the 
metal  in  the  reflector  qrooves  is  chemically  etched 
away,  the  remaining  resist  is  washed  off,  and  the 
substrate  is  diced. 

.  To  insure  maximum  Q  and  minimal  aging  rates, 
SAW  resonators  must  be  packaged  in  a  vacuum  and  in 
an  ultra-clean  manner  similar  to  the  schemes  cur¬ 
rently  employed  for  bulk  acoustic  mode  resonators. 
The  objectives  in  packaging  are  to  minimize  con¬ 
tamination  of  the  surface,  particularly  by  carbo¬ 
naceous  materials,  and  to  mount  the  substrate  so 
as  to  minimize  strains  and  effects  of  shock  and 
vibration.  Surface  contamination  is  a  potentially 
more  serious  problem  with  SAW  resonators,  than 
with  bulk  devices,  since  the  entire  active  surface 
is  exposed,  and  most  of  the  surface  wave  energy  is 
confined  to  within  about  two  wavelengths  of  the 
surface.  Strains  developed  in  mounting  will  relax 
with  time  leading  to  increased  aging  and  these 
must  be  made  as  small  as  possible  initially. 
However,  since  only  a  portion  of  one  surface  of 
the  substrate  contains  surface  wave  energy,  the 
possibility  exists  for  mounting  schemes  which  are 
different  than  bulk  mode  resonators.  One  mounting 
scheme  is  shown  in  Ref.  5,  in  which  the  substrate 
is  held  above  the  header  surface  by  several 
mounting  clips,  and  the  lid  is  welded  on  in  an 
ultra-high  vacuum.  A  second  possibility,  which 
is  under  evaluation  and  is  described  in  detail  in 
Ref.  18,  is  that  of  using  an  all  quartz  system 
consisting  of  a  base  (on  which  the  SAW  device  is 
placed) ,  a  spacer  ring,  and  a  lid  all  bonded  using 
a  glass  frit.  A  third  possibility,  suitable  in 
certain  applications,  is  that  of  bonding  the  sub¬ 
strate,  on  one  end  only,  to  the  flatpack,  or  TO-8 
type  header,  base. 
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An  840  MHz  two-port  SAW  resonator  filter  is 
being  manufactured  for  use  as  the  oscillator 
stabilizing  element  in  a  Sperry  radar  system  test 
set.  The  device  specifications  required  a  center 
frequency  of  840  +  .126  MHz,  a  linear-monotonic 
phase  shift  between  the  -3  dB  points,  a  maximum 
3.5  dB  loss  and  a  minimum  Q  of  1000  when  electri¬ 
cally  matched.  In  excess  of  100  such  devices  are 
required.  The  devices  being  produced  meet  or 
exceed  the  required  specificatins,  and  the  salient 
device  performance  characteristics,  when  sealed  in 
dry  nitrogen  at  atmospheric  pressure,  are  listed 
in  Table  2. 
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Table  2 

840  MHz  SAW  Resonator  Performance 


Matched  loss 
Matched  Q 
Rejection  level 
Unloaded  Q  (vacuum) 

Input  power  (continuous) 


Best 
2.4  dB 
2000 

18  dB  down 
13,900 


Typical 
2.8  dB 
1500 

16  dB  down 
12,000 


>+14  dBm 


The  frequency  response  of  a  typical  840  MHz  reso¬ 
nator  is  given  in  Fig.  8  where  both  narrow  and 
wide-band  views  are  shown.  The  matched  insertion 
loss  is  2.5  dB  and  the  loaded  Q  is  1500.  The 
large  amplitude  ripple  off-resonance  exists 
because  weighted  reflectors  were  not  used  in  this 
design. 
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Fig.  8  Frequency  response  of  an  electrically 
matched  840  MHz  two-port  SAW  resonator 
being  used  to  stabilize  a  radar  system 
test  set  oscillator.  The  minimum  loss 
is  2.5  dB  with  a  loaded  Q  of  1500. 


The  oscillator  schematic  diagram  is  given  in 
Fig.  9,  in  which  only  the  transistor  biasing  net¬ 
work  is  omitted.  A  photograph  of  the  oscillator 
assembly19  is  shown  in  Fig.  10,  where  the  reso¬ 
nator  is  in  the  3/8"  (square)  flatpack.  The  SAW 
oscillator  has  effected  an  order  of  magnitude 
reduction  in  volume  (19  in9  for  the  unit  being 
replaced  vs  1.7  in3  for  the  SAW  oscillator),  a 
deletion  of  one  power  supply,  and  a  reduction  in 
power  consumption  by  a  factor  of  6.  Also,,  this 
SAW  oscillator  delivers  +26  dBm  output  power, 
while  utilizing  a  single  RF  transistor,  and  so  may 
be  considered  a  source  of  840  MHz  power  amd  not 
simply  a  signal  source.  The  resonator  operates 
with  an  input  power  of  +14  dBm,  amd  the  single 
side-band  noise-to-carrier  ratio  at  10  KHz  offset 
from  the  carrier  is  less  than  -130  dBc.  Further 
details  of  the  oscillator  performance  are  pre¬ 
sented  in  Ref.  20. 


Fig.  9  840  MHz  SAW  oscillator  schematic  diagram 

including  matching  networks. 
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Fig.  10  Photograph  of  an  840  MHz  SAW  resonator 
stabilized  oscillator  assembly.  The 
resonator  is  in  che  3/8"  square  f.atpack. 
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A  500  MHz  resonator  has  been  designed  for  use 
as  the  noise  suppression  filter  in  a  low-noise 
frequency  source21 .  The  salient  device  specifica¬ 
tions  require  a  maximum  matched  insertion  loss  of 
2.5  dB,  continuous  power  handling  capacity  of 
+15  dBm  and  an  out-of-band  rejection  of  22  dB, 
minimum.  The  frequency  response  characteristic 
is  shown  in  Fig.  4  and  important  device  per¬ 
formance  features  are  listed  in  Table  3. 

Table  3 

500  MHz  SAW  Resonator  Performance 


Matched  Loss 
Matched  Q 
Unloaded  Q 
Rejection 


1.7  dB 
2800 

SS22000  (1.06  x  published  Q  max) 
22  dB 


These  devices  must  meet  stringent  environmental 
specifications  and  they  will  be  thoroughly  evalu¬ 
ated  for  suitability  prior  to  actual  use. 

Packaging  will  be  in  a  T0-8  header  and  the  devices 
will  be  sealed  in  a  high  vacuum. 

A  UHF  SAW  resonator  stabilized  oscillator  has 
limitations  relating  to  temperature  stability  and 
aging  which  may  be  overcome,  for  very  low  noise, 
highly  -  stable  oscillators ,  by  phase  locking  a  SAW 
oscillator  to  a  multiplied  bulk  mode  crystal 
oscillator.  The  functional  diagram  for  such  a 
phase-locked  source  is  shown  in  Fig.  11.  A  SAW 
oscillator  will,  generally  speaking,  exhibit 
higher  noise  levels  than  a  multiplied  crystal 
source  for  low  Fourier  frequencies  (  F<5KHz) . 
However,  for  Fourier  frequencies  above  this 
approximate  value,  the  SAW  oscillator  operates 
with  lower  FM  noise  levels.  Phase-locking  allows 
one  to  obtain  the  low  close  in  noise  associated 
with  a  bulk  crystal  oscillator;  the  low  mid- 
Fourier-frequency-range  noise  of  the  SAW  oscil¬ 
lator;  the  long  term  aging  rates  and  temperature 
stability  characteristics  of  the  bulk  oscillator; 
and  relatively  high  RF  output  power  levels. 
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Fig.  11  Schematic  diagram  of  a  UHF  source  which 
consists  of  a  SAW  oscillator  phase-locked 
to  a  low  frequency  crystal  source. 


Summary 

We  have  shown  that  single-pole  SAW- resonator 
filters,  with  characteristics  suitable  for  systems 
applications,  may  be  produced  at  frequencies  in 
excess  of  1.4  GHz.  The  performance  characteristics 
of  devices  at  1.43  GHz,  840  MHz  and  500  MHz  have 
been  presented,  design  considerations  and  fabri¬ 
cation  procedures  have  been  discussed,  and  several 
actual  or  potential  systems  applications  are  but- 
lined.  The  resonator  characteristics  of  high 
frequency,  low  insertion  loss,  distortion-free/ 
linear-phase  response,  high  power-transfer 
capacity,  and  small  size  are  seen  to  allow  sig¬ 
nificant  reductions  in  sub-system  size,  weight, 
complexity,  and  power  consumption. 
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SH-TYPE  SURFACE  ACOUSTIC  WAVES  ON  ROTATED  Y-CUT  QUARTZ 
T.  NISHIKAWA,  A.  TANI,  K.  SHIRAI  and  C.  TAKEUCHI 
FUJITSU  LIMITED 

1015  Kamikodanaka,  Nakahara-Ku,  Kawasaki,  211,  JAPAN 


Summary 

This  paper  describes  theoretical  and 
experimental  studies  of  SH-type  surface  acoustic 
waves  on  rotated  Y-cut  qutrtz. 

Surface  skimming  bulk  waves  or  shallow  bulk 
acoustic  waves  propagating  near  the  surface  of  a 
substrate  have  recently  been  reported  (1-7). 

These  waves  have  been  analyzed  assuming  a  free 
surface.  We  analyzed  these  waves  taking  into 
account  electrical  and  mechanical  loading 
effects.  The  calculated  and  experimental  results 
indicate  that  the  acoustic  properties,  such  as 
effective  electro-mechanical  coupling 
coefficients  and  displacement  distributions,  are 
largely  dependant  on  the  thickness  of  the  layer 
and  that  these  waves  should  be  treated  as  SH-Type 
surface  acoustic  waves,  or  Love  waves  (8-11),  if 
the  propagation  path  is  very  short  or  layered 
with  film.  In  addition,  these  results  indicate 
that  lower  insertion  loss  devices  can  be  obtained 
if  the  thickness  of  interdigital  electrodes  is 
increased. 

Introduction 


In  high  frequency  operation,  however,  these 
factors  cannot  be  ignored.  Therefore,  we 
analyzed  these  waves  taking  into  account 
electrical  and  mechanical  loading  effects.  An 
approximated  IDT  (interdigital  transducer)  model 
assuming  a  layered  surface,  was  used  for  the 
calculations.  This  paper  describes  calculated 
and  .experimental  results  for  these  waves ,  such  as 
the  phase  velocity,  frequency  temperature 
coefficients,  electro-mechanical  coupling 
coefficients  and  distributions  of  displacement 
for  depth.  In  addition,  some  experimental 
results  for  these  waves  on  36°  rotated  Y-cut 
quartz,  having  high  phase  velocity  and  zero 
temperature  coefficient,  are  presented. 

Analysis 

Fig.  1  shows  the  rotated  Y-cut  quartz.  0  is 
the  angle  of  rotation  and  the  Z'(or  X3)  axis  is 
the  wave  propagation  direction.  Since  it  is 
extremely  difficult  to  obtain  exact  solutions 
regarding  mechanical  loading  effects  of  IDT,  we 
assumed,  for  our  analysis,  that  the  entire 
surface  was  covered  with  a  layer,  of  thickness  as 
shown  in  Fig.  2  (12).  The  coordinate  system  (Xj, 
X2,  X3)  for  SH-type  SAW  propagation  on  the 
layered  surface  is  shown  in  Fig.  3. 


Rayleigh  waves  on  ST-cut  quartz  are  commonly 
used  for  SAW  (surface  acoustic  wave)  devices 
because  of  their  good  temperature 
characteristics.  But  their  comparatively  low 
phase  velocity  makes  it  difficult  for  high 
frequency  SAW  devices  to  be  realized.  Also  bulk 
waves,  such  as  shear  wave  mode  (1.6fo)  and 
longitudinal  wave  mode  (1.8fo),  cause  spurious 
responses. 

Recently,  bulk  waves  propagating  near  the 
surface  of  a  substrate,  called  surface  skimming 
bulk  waves  (SSBW)  or  shallow  bulk  acoustic  waves 
(SBAW)  have  been  reported  (1-7).  These  bulk 
waves  have  many  advantages  over  conventional 
Rayleigh  waves,  such  as  good  temperature 
characteristics,  higher  phase  velocity  and  fewer 
spurious  responses,  and  are  considered  to  be 
suitable  for  higher  frequency  devices.  Some 
analytical  methods  for  SSBW  have  been  reported, 
but  in  these  methods,  electrical  and  mechanical 
loading  effects  of  interdigital  electrodes  were 
ignored  and  the  surface  was  assumed  to  be  free. 


Assuming  uniformity  of  displacements 
(U£,  i»l,2,3)  and  electric  potential  (♦)  in  the 
Xj  direction,  we  consider  the  wave  propagation  in 
the  X3  direction.  Let  the  displacements  and 
electric  potential  be 
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The  stress  equation  of  motion  and  charge  equation 
of  electrostatics  are  shown  below: 


'PU< 


(2) 

(3) 


Substituting  (1)  into  (2)  and  (3),  we  obtain  the 
following  frequency  equation. 
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where 

airC66K2-2C56K+C55-C66X2 

a12=e26K2“^e25+e36^K+e35 

a22=^e22^2 "^e23^+e33^ 

a33=C22K2-2C24K+C44-C66X2 

a34=C24K2-(C44+C23)K+C34 

a44“c44K2-2C34K+c33"^66x2 


X2-h;  Tj2"0  (12) 

Substituting  general  equations,  (6),  (7)  and 
(8)  into  the  above  boundary  conditions,  .we  obtain 
the  following  homogeneous  equation. 
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X=Vs/Vb,  Vb^yCgg/p,  Vs:  Phase  velocity 


where 

S(l)-(C66K(l)+C56)A1(1>+(e26K(l)+e36)A4(1> 


As  shown  in  (4),  the  frequency  equation  is 
very  simple  compared  with  that  for  Rayleigh 
waves.  Only  the  displacement  Uj  is  coupled  with 
electric  potential  (U2,  U3  are  not).  This 
indicates  that  Ui  and  should  be  analyzed  as 
SH-type  SAW.  Moreover,  the  fact  that  U2  and  U3 
cannot  be  generated  by  piezoelectricity  implies 
that  no  spurious  response  occurs. 

General  solutions  for  and  can  be  obtained 
by  solving  the  following  forth  degree  equation  in 
terms  of  K  for  a  given  X, 


S(2)-(c66K(2)+C56)Aj(2>+(e26K(2)+e36)A4(2) 

S(3)-pK(3)-e25K(3)h 

S(4)-pK(4).ej5K(4)h 

The  phase  velocity  of  SH-type  SAW  is  obtained 
when  the  determinant  of  the  matrix  (13)  is  zero. 

Calculated  Results 


c66K2-2C56K+C55~C66x2e26K2“(e25+e36)K+e35 
|e26K2”^e25+e36^K+e35  -(e22K2_2e23K+e33^ 


(5) 


and  selecting  two  roots  satisfying  the  boundary 
conditions  where  X2  approaches  infinity.  The 
solutions  are  given  by: 


Ui=*2lc(n)A1  (n) 

n«l 


jCK(n)X,  j(wt-CX3) 
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The  general  solution  for  displacement  (Up  in 
the  layer  is  obtained  from  the  stress  equation  of 
motion  and  is  given  by  the  following  expression. 
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Ut-Hc(n) 

n«3 


<ej5K(n)X2>ej(wt-Sx3) 


(8) 


The  calculated  phase  velocity  of  SH-type  SAW 
on  rotated  Y-cut  quartz  is  shown  in  Pig.  4.  The 
curve  was  calculated  with  an  AS.  layer  thickness 
of  0.01A  (A:  wavelength).  The  phase  velocity  of 
Rayleigh  waves  is  also  shown  in  the  figure.  The 
phase  velocity  on  36°  rotated  Y-cut  quartz  can  be 
seen  to  be  1.6  times  that  of  Rayleigh  waves  on  ST 
cut  quartz. 

Fig.  5  shows  the  first  and  second  order 
frequency  temperature  coefficients  when  the 
thickness  of  the  AS  layer  is  0.01A.  Seven 
frequency  points  were  calculated  at  10°C 
intervals  from  -5°^  +55°C  and  temperature 
coefficients  were  obtained  from  the  method  of 
least  squares.  It  can  be  found  that  the  angles 
of  rotation  where  the  first  order  temperature 
coefficient  is  zero  are  36.2°  and  129.5°.  The 
temperature  characteristics  of  these  rotation 
angles  are  shown  in  Fig.  6,  compared  with  those 
of  Rayleigh  waves  on  ST-cut.  The  second  order 
temperature  coefficients  of  these  rotation  angles 
are  as  follows: 


where  K(3)«- K(4)«y(Vs/Vc)2-l 


0-36.2°  T£(2)— 56x10"9/°Cz 


Vc-^ij/p’ 


0-129.5°  — 20x10"9/°C2 


p,  p':  Lame  constant  and  density  of  metal  film 


ST-Cut 


— 3SxlO“9/°C2 
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Fig.  7  shows  the  distributions  of  displacement 
for  depth  on  Ail  layered  36°  and  130°  rotated 
Y-cut  quartz.  As  the  thickness  of  the  layer 
increases  the  displacements  concentrate  more  to 
the  surface.  Also,  the  effects  of  the  Ail  layer 
thickness  at  36°  is  larger  than  that  at  130°. 

This  is  because  the  phase  velocity  at  36° 
(5,080m/sec)  is  very  large  compared  with  that  of 
the  Ail  shear  wave  (3, lOOm/sec),  while  in  the  case 
of  130°  rotation,  its  phase  velocity  (3,330m/sec) 
approximates  to  that  of  Ail  shear  wave,  resulting 
in  minimal  effect  on  the  displacement.  In  high 
frequency  operation,  SH-type  SAW  devices  can  be 
easily  obtained  on  36°  rotated  Y-cut  quartz  using 
a  thin  Ail  layer.  (For  example,  a  frequency 
800MHz  and  an  AS,  thickness  (h)  of  1,000A  are 
equivalent  to  h/A=1.5xl0-Z)  Fig.  8  shows  the 
distributions  of  displacement  when  gold  is  used 
instead  of  alminum;  mechanical  loading  effects  of 
a  gold  layer  are  very  large  compared  with  those 
of  AS,,  because  gold's  shear  wave  velocity 
(l,250m/sec)  is  very  low  and  its  density  is  very 
large.  The  displacements  concentrate  more  to  the 
surface  even  though  the  layer  is  very  thin. 

Since  the  displacement  distribution  depends 
largely  on  the  thicknoss  of  the  layer,  effective 
electromechanical  coupling  coefficients  should 
also  change.  Therefore  the  coupling 
coefficients,  2AV/V,  were  calculated  from  the 
difference  of  the  phase  velocities  obtained  from 
electrical  boundary  conditions  (11)  and  (14). 

X2=0;  D2=0  (14) 

The  coupling  coefficients  with  AS,  layer 
thicknesses  of  0.01A  and  0.02A  are  shown  in 
Fig.  9.  The  coupling  coefficients  depend 
strongly  on  the  thickness  of  the  layer. 

Experimental  Results 

Table  1  shows  an  outline  of  the  samples  used 
in  the  experiments.  36°  rotated  Y-cut  quartz  was 
used  for  the  substrate  because  of  its  high  phase 
velocity  and  good  temperature  characteristics. 

The  configuration  was  of  the  three  transducer 
type,  Type-1  being  a  double  electrode  transducer 
and  Type-2  a  conventional  one.  The  pathlength 
between  input  and  output  transducers  was  designed 
to  be  very  short  (A/4)  to  avoid  increasing 
propagation  loss  on  the  free  surface.  A 
photograph  of  the  sample  is  shown  in  Fig.  10. 

The  enclosure  is  of  the  TO-8  type. 

Attenuation  characteristics  of  Type-1 
transducer  with  interdigital  electrodes 
thicknesses  of  1,000A  and  2,000A  are  shown  in 
Fig.  11.  The  center  frequency  and  insertion  loss 
are  significantly  changed.  These  results 
indicate  that  mechanical  loading  effects  of  IDTs 
cannot  simply  be  ignored.  Attenuation 
characteristics  of  Type-2  transducer  are  shown  in 
Fig.  12.  Due  to  internal  wave  reflections,  the 
characteristics  are  similar  to  those  of  resonator 
type  transducer  and  low  insertion  loss  is 
obtained  (13).  Fig.  13  shows  wide  band 
attenuation  characteristics.  As  shown  before, 


there  is  no  spurious  response  caused  by  bulk 
waves. 

The  phase  velocity  and  coupling  coefficients 
were  obtained  from  the  characteristics  shown  in 
Fig.  11.  The  phase  velocity  was  calculated  from 
the  center  frequency  and  coupling  coefficients 
were  obtained  from  the  minimum  insertion  loss  at 
the  center  frequency  using  an  IDT  cross  field 
model  (14,  15).  Experimental  and  calculated 
results  are  shown  in  Fig.  14  and  can  be  snen  to 
closely  agree.  These  results  indicate  that  the 
approximated  IDT  model,  assumed  before,  is  viable 
and  that  waves  can  be  treated  as  SH-type  SAW  if 
the  propagation  path  is  very  short  or  layerd  with 
a  metal  film. 

Fig.  15  shows  the  frequency  temperature 
characteristics.  The  experimental  results  were 
obtained  from  the  phase  change  at  each 
temperature.  The  turnover  temperature  difference 
between  calculated  and  experimental  values  was 
within  5°C  and  the  second  order  temperature 
coefficient  was  found  to  be  -60xl0""*/°Cz  and 
calculated  of  -56xlO“^/°Cz, 

Aging  characteristics  are  shown  in  Fig.  16. 

SAW  oscillators  were  assembled  and  operated 
continuously  for  the  observation  period.  Over 
100  days  the  frequency  change  was  seen  to  be 
limited  to  within  2ppm. 

Conclusion 

We  analyzed  SH-type  SAW  assuming  that  SSBW 
would  change  to  SH-type  SAW  if  the  surface  was 
layered  with  film.  The  calculated  and 
experimental  results  were  in  close  agreement. 

The  results  indicate  that  the  assumption  is 
true  even  in  IDT  regions,  if  the  propagation  path 
is  very  short  or  if  it  is  layered  with  film. 

This  type  of  wave,  especially  on  36°  rotated 
Y-cut  quartz,  is  considered  to  be  very  practical 
for  higher  frequency  devices  because  of  its  high 
phase  velocity,  good  temperature  characteristics, 
lack  of  spurious  response  and  lower  insertion 
loss  • 
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Fig.  7  Distribution*  of  displacement  when  Table  1  Experimental  samples 

the  surface  is  layered  with  aluminum 


Fig.  8  Distributions  of  displacement  when  pig,  10  Photograph  of  sample 

the  surface  is  layered  with  gold 


Fig.  9  Electro-mechanical  coupling 

coefficients.  Fig,  H  Attenuation  characteristics  of  Type-1 
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Summary 

The  long-term  frequency  stability  (aging) 
of  oscillators  is  an  important  parameter  for  many 
applications,  and  with  the  recent  interest  in  sur¬ 
face  acoustic  wave  (SAW)  controlled  oscillators, 
this  has  been  an  area  of  investigation.  As  a 
result,  improved  long-term  stability  of  SAW  oscil¬ 
lators  has  been  reported  when  high-quality  pack¬ 
aging  techniques  have  been  used.  This  paper 
presents  an  analysis  of  new  aging  data  accumu¬ 
lated  over  the  last  three  years  on  several  types 
of  packages.  All  packages  were  high-quality 
hermetic  enclosures,  and  the  mounting  was  strictly 
mechanical,  with  no  organics  or  silicone  rubbers 
used. 

The  test  oscillators  included  both  delay  lines 
and  resonators  in  the  300  to  400  MHz  range.  All 
were  fabricated  on  rotated  Y-cut  quartz  plates 
(40°),  and  either  gold  or  aluminum  metallization 
was  used.  The  packages  include  brazed  and  weld¬ 
ed  flatpacks,  cold- welded  HC  38 /U  and  TO- 8 
enclosures,  and  a  novel  all-quartz  approach. 

Other  variables  included  back-filling,  post-seal 
bake,  and  surface  treatment  with  silicones  to  re¬ 
duce  1/f  noise.  The  tests  were  all  conducted  at 
a  temperature  of  ~30°C 


Introduction 

For  SAW  controlled  oscillators  to  be  competi¬ 
tive  with  multiplied,  low-frequency,  crystal-con¬ 
trolled  oscillators,  they  must  demonstrate  a  fre¬ 
quency  stability  similar  to  or  better  than  that  of 
quartz  crystal  oscillators.  In  the  area  of  short- 
term  stability,  the  SAW  oscillator  has  clearly 
demonstrated  superior  performance  in  certain 
.  areas  of  the  noise  'spectrum .  However ,  one  area 
where  the  SAW  oscillator  lags  behind  that  of 
crystal  oscillators  is  long-term  frequency  stability 
(or  aging).  Because  SAW  oscillators  are  naturally 
used  at  higher  frequencies,  it  is  questionable 
whether  the  long-term  stability  of  SAW  devices 
will  ever  match  that  of  the  best  low-frequency 
quartz  crystals.  However,  SAW  oscillators  begin 
to  become  competitive  for  many  applications  when 
a  stability  on  the  order  of  1  ppm  per  year  is 

*Supported  in  part  by  NASA  Contract  NAS5-25117. 
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reached.  Previously  published  results  *  have 
shown  that  low  aging  requires  a  clean  hermetic 
package  which  contains  no  materials  that  will 
outgas  (such  as  elastomers  or  epoxies).  SAW 
resonators  packaged  by  techniques  established 
for  bulk  wave  devices,  which  clearly  meet  these 
criteria  have  shown  a  drift  of  from  undtr  1  ppm 
to  almost  7  ppm  in  the  first  year.3  In  order  to 
reduce  this  drift  so  that  it  is  consistently  under 
1  ppm,  it  is  important  to  have  some  idea  of  what* 
the  aging  mechanism  is  for  a  device  sealed  in  a 
high-quality  package.  To  help  obtain  this  infor¬ 
mation,  an  investigation  of  aging  in  SAW  oscil¬ 
lators  has  been  going  on  at  Raytheon  for  more 
than  four  years.  The  philosophy  behind  this 
investigation  has  been  to  use  a  variety  of  pack¬ 
aging  and  fabrication  techniques  in  order  to 
identify  the  factors  which  may  influence  long-term 
stability.  Though  circumstances  have  introduced 
more  variables  than  were  intended,  the  data  is 
sufficient  to  indicate  that  certain  factors  are 
more  important  to  long-term  stability  than  others. 
Specifically,  the  data  suggests  that  given  a  high- 
quality  hermetic  package  and  a  mechanical  means 
of  holding  the  substrate  (no  organics  or  elasto¬ 
mers),  the  physical  and/or  chemical  state  of  the 
transducer  metallization  has  more  effect  on  the 
long-term  stability  than  the  ultimate  cleanliness 
of  the  enclosure. 

Experimental  Conditions 

A  total  of  forty  SAW-controlled  oscillators 
either  have  been  or  are  currently  under  aging 
test  at  Raytheon.  In  this  paper  we  will  report 
on  the  observed  long-term  frequency  drift  of 
thirty-one  of  these  oscillators.  Frequencies  of 
operation  range  from  200  to  400  MHz,  and  most  of 
the  devices  are  delay  lines.  However,  the  aging 
data  also  includes  results  from  two  SAW  resonat¬ 
ors  and  one  surface-skimming  bulk-wave  (SSBW) 
delay  line.  The  devices  were  all  fabricated  on 
rotated  Y-cut  quartz  substrates  and  most  devices 
had  transducers  made  with  1000.A of  aluminum. 
However,  five  devices  with  500  A  gold  transduc¬ 
ers  were  also  evaluated.  All  of  the  devices  were 
operated  as  oscillators  and  the  long-term  drift 
was  obtained  by  monitoring  the  frequency  of 
operation.  All  of  the  oscillators  were  maintained 
at  an  ambient  temperature  of  20°C  (the  tempera¬ 
ture  of  the  SAW  device  was  around  30°C) ,  and 
corrections  to  the  frequency  for  any  temperature 
variations  were  made  using  measured  temperature 
coefficients.  The  accuracy  of  the  frequency 
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counter  used  in  these  measurements  was  maintained 
at  one  part  in  10®  by  monitoring  the  3.58  MHz 
color  subcarrier  on  network  TV  broadcasts. 

High-quality,  wideband,  commercial  rf  ampli¬ 
fiers  were  used  in  the  oscillators  to  keep  the  phase 
shift  through  the  electronics  to  a  minimum  and  to 
provide  maximum  stability.  For  delay  lines  a  gain 
of  20  dB  was  required,  and  the  amplifiers  were 
chosen  to  provide  a  power  level  of  about  20 
milliwatts  incident  on  the  SAW  device.  For  the 
resonators  only  10  dB  of  gain  was  required,  and 
an  incident  power  of  5  milliwatts  was  used. 
Throughout  these  measurements  the  power  levels 
remained  constant  to  a  few  tenths  of  a  dB. 

Most  of  the  devices  being  reported  on  in 
this  paper  were  packaged  in  conventional  enclo¬ 
sures.  These  include  flatpacks  (Tekform  #50272), 
which  were  either  brazed  or  welded  shut,  and 
HC  36 /U  crystal  packages,  which  were  sealed  by 
cold  welding.  Of  these  three  approaches,  the 
cold-welded  HC  36 /U  enclosure  was  clearly  the 
cleanest  package.  The  sealing  was  done  by  U.S. 
Army  ERADCOM  at  Fort  Monmouth,  New  Jersey, 
in  cooperation  with  NASA  contract  NAS5-25117. 

The  high-vacuum  sealing  equipment  that  was  used 
has  an  established  record  of  producing  bulk-wave 
devices  with  very  low  aging  rates.  The  brazed 
flatpacks  were  sealed  at  Raytheon  (also  in  a  high- 
vacuum  system),  but  with  this  technique  the  high¬ 
est  temperature  occurs  at  the  time  of  sealing. 

Thus  the  degree  of  substrate  contamination  can 
be  expected  to  be  higher  than  that  from  cold¬ 
welding.  The  flatpacks  that  were  sealed  by  weld¬ 
ing  were  clearly  done  in  the  least  clean  environ¬ 
ment,  since  the  sealing  was  done  in  a  plastic 
drybox  which  was  flushed  with  dry  nitrogen. 

The  sealing  was  accomplished  by  overlapping  spot 
welds.  In  all  ca|es  the  packages  and  substrates 
were  UV-cleaned^  prior  to  sealing. 

The  substrate  mounting  was  done  by  either 
10-mil  gold  wire  straps,  or  by  the  spring  ar¬ 
rangement  shown  in  Fig.  1.  All  of  the  devices 
packaged  in  flatpacks  used  gold  wire  straps, 
while  most  of  the  devices  in  the  HC  36/U  enclo¬ 
sures  used  the  spring  arrangement.  Neither  of 
these  techniques  is  necessarily  being  recommended 
as  a  practical  method  for  holding  substrates,  but 
they  were  used  because  they  eliminated  the  need 
for  adhesives  or  rubbers. 

In  addition  to  the  conventional  packages, 
three  devices  were  also  sealed  in  an  all-quartz 
package.  In  this  arrangement  the  SAW  sub¬ 
strate  also  serves  as  part  of  the  enclosure.  A 
matching  cap  of  quartz  is  used  to  protect  the 
active  area  from  contamination.  The  details  of 
this  package  will  be  presented  later  in  the  text 
along  with  the  aging  data.  Finally,  some  very 
preliminary  results  will  be  presented  for  SAW 
devices  mounted  in  cold-welded  TO- 8  enclosures. 
The  sealing  of  the  TO-8's  was  done  at  Raytheon, 
but  in  a  manner  very  similar  to  that  used  for  the 
HC  36/U  enclosures. 


Figure  1.  SAW  delay  line  mounted  in  HC36/U 
using  spring  holder. 

Analysis  of  Aging  Data 

The  aging  data  for  thirty-one  oscillators 
will  be  presented  and  discussed  in  this  section. 
Table  1  lists  these  oscillators  along  with  the  per¬ 
tinent  packaging  and  performance  parameters  of 
each  one.  The  parameters  in  Table  1  are  self- 
explanatory  except  for  T^  which  is  the  elapsed 
time  (in  weeks)  from  when  the  transducers  were 
fabricated  until  the  start  of  the  aging  test.  Also, 
an  "R"  after  the  frequency  indicates  that  the  de¬ 
vice  is  a  resonator;  all  other  devices  are  delay 
lines. 

Figure  2  shows  the  observed  fractional  fre¬ 
quency  change  as  a  function  of  time  (in  weeks) 
for  seven  devices  that  were  fabricated  with  alumi¬ 
num  transducers.  Four  devices  sealed  in  brazed 
flatpacks  are  shown  with  various  dashed  lines; 
two  devices  in  HC  36/U  enclosures  are  shown  with 
dotted  lines;  and  a  single  device  in  a  welded  flat- 
pack  is  shown  with  a  solid  line.  All  of  the 
devices  show  an  upward  drift  in  frequency  (at 
least  initially) ,  and  this  is  consistent  with  the  re¬ 
sults  of  Ref.  3.  However,  the  magnitude  of  the 
drift  does  not  correlate  well  with  package  clean¬ 
liness.  The  devices  in  the  brazed  packages  con¬ 
sistently  show  the  largest  drift,  but  the  drift  of 
the  device  in  the  welded  flatpaek  (No.  5)  is  nearly 
identical  to  the  two  in  HC  36/U  enclosures.  Num¬ 
ber  5  is  a  resonator  and  the  one  feature  that  dis- 
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TABLE  1.  PACKAGING  PARAMETERS  OF  THE  TEST  OSCILLATORS 


Osc. 

No. 

Substrate 

Number 

(MHz) 

Frequency 

Transducer 

Metal 

Package 
(Type  Seal) 

Atmosphere 

Preaged 

Tf  (weeks) 

1 

Q514D 

311 

Cr-Al 

Flatpack 

(brazed) 

Vacuum 

No 

2.4 

2 

Q601A 

401 

A1 

Flatpack 

(brazed) 

Vacuum 

No 

0.9 

3 

Q617A 

401 

A1 

Flatpack 

(brazed) 

Vacuum 

No 

0.9 

4 

Q638A 

401 

A1 

Flatpack 

(brazed) 

Argon 

No 

1.9 

5 

Q1120A 

310(R) 

A1 

Flatpack 

(welded) 

Nitrogen 

No 

12 

6 

Q514A 

311 

CR-A1 

HC36/U 

Vacuum 

No 

~26 

7 

Q1089A 

401 

A1 

HC36/U 

Vacuum 

No 

6.3 

8 

Q638B 

401 

A1 

Flatpack 

(brazed) 

Vacuum 

Ygg 

(11  days  at  90°C) 

3.0 

9 

Q969A 

401 

A1 

Flatpack 

(welded) 

Nitrogen 

Vos 

(07  days  at  90°C) 

4.4 

10 

Q970A 

401 

A1 

Flatpack 

(welded) 

Nitrogen 

Vos 

(11  days  at  90°C) 

3.9 

11 

Q1009A 

345 

A1 

Flatpack 

(welded) 

Nitrogen 

Yes 

(11  days  at  90°C) 

3.5 

12 

Q1085C 

401 

A1 

HC36/U 

Vacuum 

Vos 

(10  days  at  100°C) 

9.3 

13 

Q1089C 

401 

A1 

HC36/U 

Vacuum 

Yes 

(10  days  at  100°C) 

7.3 

14 

Q1093A 

401 

A1 

HC36/U 

Vacuum 

Yes 

(07  days  at  200°C) 

6.3 

15 

Q604 

401 

Au 

Flatpack 

(brazed) 

Vacuum 

No 

1.0 

16 

Q619B 

401 

Au 

Flatpack 

(brazed) 

Vacuum 

No 

2.7 

17 

QEC2 

401 

Au 

HC36/U 

Vacuum 

No 

~39 

18 

Q1088A 

401 

Au 

HC36/U 

Vacuum 

No 

6.3 

19 

Q1091B 

401 

Au 

HC36/U 

Vacuum 

Vos 

(10  days  at  100°C) 

6.3 

20 

Q1088B 

401 

Au 

HC36/U 

Leak 

No 

— 

21 

Q977 

310 

A1 

All  Quartz 

Air 

No 

— 

22 

Q1148 

310(R) 

A1 

All  Quartz 

Air 

No 

— 

23 

Q1150 

310 

A1 

All  Quartz 

Air 

No 

— 

24 

Q1157A 

401 

A1 

Flatpack 

(brazed) 

Vacuum 

No 

(silicone  treated) 

10 

25 

Q1057A 

218(SSBW)  A1 

Flatpack 

(brazed) 

Vacuum 

No 

26 

Q1239A 

401 

A1 

TO-8 

Vacuum 

No 

11.5 

27 

Q1239C 

401 

A1 

TO-8 

Vacuum 

No 

11.0 

28 

Q1239D 

401 

A1 

TO-8 

Vacuum 

No 

12.0 

29 

Q1246A 

401 

A1 

TO-8 

Vacuum 

No 

0.6 

30 

Q1246C 

401 

A1 

TO-8 

Vacuum 

No 

1.3 

31 

Q1246B 

401 

A1 

TO-8 

Vacuum 

No  (pad) 

1.3 
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tingulshes  it  from  the  rest  is  the  very  small  amount 
of  scatter  on  this  curve. 

Figure  3  shows  the  aging  data  for  six  devices 
with  aluminum  transducers  that  were  subjected 
to  a  100°C  bake  (for  up  to  eleven  days)  after 
sealing  but  before  the  start  of  the  aging  test. 

Under  these  conditions  the  aging  characteristics 
have  changed  drastically.  Here,  half  of  the  de¬ 
vices  have  aged  downward  and  show  a  relatively 
complex  pattern  with  up  to  two  sign  changes  in 
the  slope.  The  ones  drifting  upward,  however, 
are  not  drastically  different  from  the  unbaked 
devices  in  Fig.  2.  Whether  a  device  drifts  up  or 
down  does  not  seem  to  depend  on  the  package 
type  and  further  reinforces  the  possibility  that  the 
mechanism  causing  the  observed  aging  is  not 
strongly  dependent  on  cleanliness.  However,  the 
mechanism  does  appear  to  be  influenced  by  the 
temperature  of  the  environment.  This  is  further 
reinforced  by  the  data  in  Fig.  4,  which  shows  the 
aging  of  a  device  subjected  to  a  200°C  bake  after 
sealing.  This  device  has  been  extremely  stable 
and  after  seventy-one  weeks  of  operation  is  still 
within  0.5  ppm  of  the  starting  frequency. 

The  scatter  in  the  data  of  Figs.  2,  3,  and  4 
is  partially  due  to  incomplete  correction  for  temper¬ 
ature  variation;  in  addition,  fluctuations  are  some¬ 
times  caused  by  power  outages  or  by  disturbances 
in  the  aging  chamber  when  oscillators  are  being  re¬ 
placed.  However,  some  of  the  fluctuations  appear 
to  occur  spontaneously  and  therefore  may  be  inher¬ 
ent  in  the  oscillator.  It  is  significant  in  this  re¬ 
gard  that  the  two  resonators  which  have  been  test¬ 
ed  are  among  those  with  the  least  scatter. 

Though  the  aging  data  in  Figs.  2  and  3  does 
not  correlate  well  with  package  type,  there  is  a 
parameter  which  does  appear  to  be  significant. 

This  is  illustrated  in  Fig.  5,  where  the  total  fre¬ 
quency  drift  after  ten  weeks  is  plotted,  for  ten 
oscillators,  as  a  function  of  the  time  from  trans¬ 
ducer  fabrication  io  start  of  the  aging  test,  Tf. 

The  ten  data  points  in  Fig.  5  are  from  the  oscilla¬ 
tors  in  Figs.  2  and  3  that  aged  upward  during 
the  first  ten  weeks  of  operation.  Though  parti¬ 
cular  package  types  tend  to  cluster  around  certain 
ranges  of  Tf,  it  is  clear  from  Fig.  5  that  large 
values  of  Tf  result  in  less  frequency  drift,  even 
within  a  package  type.  The  significance  of  this 
is  even  more  important  when  it  is  noted  that  most 
of  the  period  from  transducer  fabrication  to  the 
start  of  the  aging  test  occurred  before  the  device 
was  sealed.  Thus  the  relaxation  process  that 
causes  the  aging  appears  to  be  going  on  even  be¬ 
fore  the  device  is  sealed  or  operating.  Conse¬ 
quently,  there  is  a  lower  rate  of  drift  once  the  ag¬ 
ing  test  is  started.  Thus  the  evidence  from  the 
data  presented  so  far  is  that  package  type  is  not 
particularly  significant  to  aging  but  that  transduc¬ 
er  fabrication  is.  Therefore,  likely  candidates  for 
aging  mechanisms  are  chemical  or  physical  changes 
in  the  transducer  metal. 

A  useful  technique  for  helping  to  identify 
possible  aging  mechanisms  is  to  evaluate  the  fit 
of  the  data  to  specific  mathematical  models.  Three 
models  that  have  been  successfully  used  on  bulk- 
wave  devices  are 


AF 

F 

=  A  log(Bt  +  1) 

(1) 

AF 

F 

=  A(1  -  e”Bt) 

(2) 

AF 

F 

=  A(t)B 

(3) 

where  t  is  time  and  A  and  B  are  fit  parameters. , 

The  first  model  is  applicable  to  chemisorption, 
oxidation,  and  stress  relief  processes;8  while  the 
second  applies  to  first-order  chemical  reactions, 
or  adsorption  acid  desorption  of  a  physisorbed 
monolayer.  ^  The  last  model  has  been  identified 
with  diffusion  processes  when  B  is  near  1/2. 7 

The  aging  data  from  Figs.  2  and  3  was  fit¬ 
ted  to  these  three  models,  but  some  restrictions 
were  required.  Specifically,  the  fitting  routine 
could  handle  only  two  fit  parameters  and  therefore 
was  limited  to  the  presence  of  only  one  mechanism 
at  a  time.  This  meant  that  aging  curves  which 
showed  one  or  more  distinct  changes  in  direction 
could  not  be  fitted.  Also  curves  which  were  domina¬ 
ted  by  scatter  (Fig.  4)  were  not  used.  Thus  only 
seven  curves  were  fitted  (Nos.  1,  2,  5,  6,  7,  10, 
and  13) ,  and  it  was  found  that  overall  the  logarith¬ 
mic  model  (Eq.  1)  gave  the  best  results.  (This  is 
also  consistent  with  Ref.  3.) 

It  is  interesting  to  note  that  the  logarithmic 
model  (Eq.  1)  has  exactly  the  same  mathematical 
form  even  if  the  observation  does  not  start  at  the 
same  time  as  the  actual  relaxation  process.  If,  for 
example,  the  observation  starts  at  a  time  t0  after  the 
relaxation  starts,  the  expression  for  the  observed 
change  in  frequency  AF'/F  becomes 

Qjp-  =  A  log(B't'  +  1)  (4) 

where  t'  is  the  time  elapsed  after  t0  and  B'  =  B/ 
(Bt0  +1).  Of  course,  t  =  t0  +  t'.  Note  that  the 
parameter  A  is  unchanged  and  that  B'  is  smaller 
than  B  for  t0  >  0.  Figure  6  illustrates  how  this 
influences  the  shape  of  the  aging  curves.  The 
data  and  the  fitted  curves  are  plotted  for  two 
oscillators  with  different  values  of  Tf.  As  can 
be  seen,  the  values  of  A  differ  by  only  50  per¬ 
cent,  while  the  values  of  B'  differ  by  almost  a 
factor  of  36.  The  latter  is  not  equal  to  the  rela¬ 
tive  values  of  Tf,  but  it  is  certainly  clear  that 
large  values  of  Tf  result  in  small  values  of  B'. 
Thus  we  see  that  not  only  is  the  magnitude  of  the 
drift  dependent  on  Tf  (Fig.  5),  but  that  the 
shape  of  the  curve  (as  manifested  in  B')  is  also 
consistent  with  the  hypothesis  that  the  relaxation 
process  starts  at  or  near  the  time  of  the  trans¬ 
ducer  fabrication,  which,  in  many  cases  occurred 
well  before  the  start  of  the  aging  tests.  The 
fact  that  the  logarithmic  model  gives  the  best 
fit  suggests  that  likely  causes  for  the  changes 
in  the  transducer  metal  are  internal  stress  relax¬ 
ation  or  oxidation. 

In  addition  to  devices  with  aluminum  trans¬ 
ducers,  five  devices  with  gold  transducers  were 
tested.  Gold  is  not  a  very  practical  transducer 
material  because  of  the  significant  slowing  of  the 
wave  under  the  gold,  but  it  is  a  very  stable 
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material  and  it  was  felt  that  it  would  provide  a 
good  contrast  to  the  aluminum.  Figure  7  shows 
the  observed  frequency  drift  of  the  devices  with 
gold  transducers.  As  indicated,  three  were  in 
cold-weld  enclosures ,  and  two  were  in  brazed 
flatpacks.  Only  No.  19  was  subjected  to  a  post¬ 
seal  bake  (100°C  for  ten  days).  As  expected  the 
aging  was  different  from  aluminum  devices  but 
surprisingly,  it  was  not  significantly  better.  Dis¬ 
tinctly  different  results  were  obtained  for  the  two 
package  types  and ,  in  general ,  all  the  curves  have 
a  flatter  shape  than  those  observed  for  aluminum 
devices.  Numbers  17  and  18  are  clearly  the  best 
of  the  group  and,  significantly,  No.  17  has  a  large 
value  for  Tf.  The  latter  is  a  particularly  impres¬ 
sive  device  since  after  nearly  two  years  of  operation 
it  is  still  within  a  few  tenths  of  a  part  per  million 
of  the  starting  frequency.  Curves  15,  18,  and  19 
were  fitted  to  the  three  models  discussed  earlier, 
but  none  clearly  stood  out  as  giving  a  better  fit. 
This  may  be  due  in  part  to  the  relatively  shallow 
curvature  present  for  all  the  devices. 

Though  few  conclusions  can  be  drawn  about 
the  aging  mechanisms  for  gold  devices ,  the  distinct¬ 
ly  different  characteristics  from  the  aluminum  de¬ 
vices  lends  further  support  to  the  hypothesis  that 
the  transducer  metallization  is  the  source  of  the 
aging  on  the  aluminum  devices. 

One  final  piece  of  information  can  be  presented 
about  aging  of  devices  in  conventional  packages , 
and  this  is  the  effect  of  package  leaks  on  aging. 
Figure  8  illustrates  what  happens  when  a  leak  dev¬ 
elops.  Oscillators  1,2,  and  3  all  were  found  to  be 
leak-free  at  the  beginning  of  the  aging  measure¬ 
ments  ,  and  all  were  found  to  have  leaks  when  their 
operation  was  terminated.  It  was  felt  that  the  ob¬ 
served  shift  to  downward  drift  was  caused  by 
the  occurrence  of  a  leak  and  this  was  confirmed  by 
No.  20,  which  was  known  to  have  a  leak  at  the 
beginning  of  the  test.  Since  on  all  of  the  devices 
the  leak  rate  was  large  enough  for  the  package  to 
fill  to  atmospheric  pressure  in  a  matter  of  one  or 
two  weeks,  it  is  felt  that  the  continued  downward 
drift  in  Fig.  8  was  most  likely  due  to  a  continued 
diffusion  of  moisture  into  the  package  which  was 
subsequently  adsorbed  into  the  surface  of  the 
quartz. 

In  addition  to  conventional  packages ,  aging 
measurements  were  also  carried  out  on  devices 
using  a  novel  all-quartz  package. 9  The  construc¬ 
tion  of  this  package  is  illustrated  in  Fig.  9,  The 
SAW  substrate  constitutes  the  bottom  of  the  pack¬ 
age  ,  and  a  matching  rotated  Y-cut  quartz  plate  is 
used  for  the  cover.  The  transducers  are  recessed 
to  provide  a  flat  surface ,  and  a  cavity  is  etched 
into  the  top  plate  to  prevent  coupling  to  the  top 
inside  surface.  The  joining  faces  of  the  top  and 
bottom  plates  are  polished  optically  fiat  and  are 
joined  by  a  modified  optical  bond.  The  modification 
to  this  bonding  technique  is  that  the  quartz  sur¬ 
faces  were  first  coated  with  a  few  monolayers  of  a 
high-temperature  silicone  compound.  This  served 
to  prevent  the  migration  of  moisture  into  the  cavity 
and  also  reduced  the  1/f  phase  noise  of  the  SAW 
device.  8  Electrical  connections  were  made  by 
plating  over  the  exposed  ends  of  each  busbar. 


Figure  10  shows  the  observed  frequency 
drift  of  three  devices  packaged  in  this  manner.  The 
sudden  drop  in  frequency  near  week  20  for  oscil¬ 
lators  22  and  23  coincided  with  two  power  interrup¬ 
tions  which  shut  down  the  oscillators  and  environ¬ 
mental  chamber  for  two  multi-hour  time  intervals 
within  a  period  of  three  weeks.  The  same  power 
interruptions  seemed  to  have  very  little  effect  bn 
oscillator  21.  Nevertheless,  all  three  oscillators 
are  doing  exceptionally  well.  After  more  than  a 
year  of  operation ,  all  are  still  within  1  ppm  of  their 
starting  frequency  and  No.  21  has  been  doing  parti¬ 
cularly  well  during  the  period  from  fifty-five  weeks 
to  the  present.  During  thiB  time  the  frequency  has 
generally  been  constant  to  within  a  few  parts  in 
108.  Note  that  No.  22  is  a  resonator  and  does  not 
age  significantly  differently  from  the  two  delay 
lines ,  except  that  the  aging  curve  of  the  resonator 
may  be  somewhat  smoother. 

The  author  feels  that  the  good  aging  of  these 
devices  does  not  necessarily  reflect  on  the  quality 
of  the  all-quartz  package  but  that  it  is  more  likely 
due  either  to  the  silicone  treatment  or  to  some  other 
step  in  the  sealing  process  which  is  substantially 
different  from  that  used  with  the  conventional 
packages.  Some  support  for  the  former  is  given  in 
Fig.  11,  which  shows  the  aging  of  a  silicone-treated 
device  in  a  brazed  flatpack.  As  can  be  seen,  except 
for  a  dip  around  week  24,  the  frequency  stability 
has  been  quite  good  for  nearly  one  year. 

Figure  12  shows  the  aging  characteristic  of 
another  special  case.  Here  the  acoustic  device 
does  not  utilize  surface  waves  but  rather  the  so- 
called  surface  skimming  bulk  wave9  (or  shallow  bulk 
acoustic  wave) .  10  The  observed  aging  is  not  large 
but  is  very  erratic.  The  erratic  nature  may  be  due 
to  the  large  number  of  electrodes  (660  double  elec¬ 
trode  fingers  in  each  transducer)  required  to  ob¬ 
tain  a  low  insertion  loss  with  a  long  delay  time. 

Finally ,  some  very  recent  aging  data  has 
been  obtained  on  SAW  devices  with  aluminum  trans¬ 
ducers  which  were  sealed  in  TO- 8  packages  (26 
through  31  in  Table  1) .  Though  only  ten  weeks  of 
data  is  available  on  these  six  devices,  it  clearly 
shows  that  the  three  devices  with  values  of  Tf  near 
eleven  weeks  are  drifting  less  than  the  three  with 
smaller  values  of  Tf  around  one  week.  The  fact 
that  all  the  devices  came  from  the  same  batch  of 
quartz  clearly  eliminates  the  quartz  itself  as  the 
source  of  the  aging  mechanism.  In  addition,  one 
device  had  an  aluminum  pad  added  between  the 
transducer  to  increase  the  amount  of  metallization. 
As  expected,  this  device  is  showing  the  largest 
frequency  drift.  However,  the  aging  data  shows 
that  apparently  a  new  variable  has  been  introduced, 
since  after  ten  weeks  of  operation  none  of  the  six 
devices  has  drifted  more  than  1  ppm.  This  is  con¬ 
siderably  less  drift  than  would  have  been  expected 
from  any  of  the  devices ,  even  those  with  large 
values  of  Tf.  At  this  time,  differences  between  the 
sealing  procedures  for  the  various  packages  are 
being  investigated  to  determine  what  caused  the 
reduced  aging. 
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Conclusions 

This  aging  investigation  has  demonstrated  that 
drift  of  less  than  2  ppm  in  the  first  year  can  be 
obtained  on  a  significant  fraction  of  the  devices 
when  reasonably  clean  packages  are  used.  It  can 
also  be  expected  that  further  drift  will  occur  at 
a  decreasing  rate  in  the  following  years.  Further¬ 
more  ,  the  data  strongly  suggest  that  the  trans¬ 
ducer  metallization  (at  least  for  aluminum)  is  very 
likely  the  source  of  the  relaxation  mechanism  which 
causes  the  frequency  drift.  Apparently  this  mech¬ 
anism  is  sensitive  to  temperature  and  other  process 
variables  and  thus  increases  the  possibility  that 
aging  rates  well  under  1  ppm  in  the  first  year 
are  possible  under  practical  production  conditions. 
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Figure  2.  Aging  of  devices  with  aluminum  transducers  which  were  not 
subjected  to  a  post-seal  bake. 


Figure  4.  Aging  of  a  device  with  aluminum  transducers  which 
was  subjected  to  a  200°C  post-seal  bake . 


Figure  5.  Frequency  drift  in  first  ten  weeks  as  a  function  of  the  time  from 

transducer  fabrication  to  start  of  the  aging  test,  Tf.  The  numbers 
refer  to  the  oscillator  from  which  each  data  point  was  derived. 


Figure  6,  Fit  of  log  curve  to  aging  data  for  two  oscillators  with  different  values  of  Tf, 
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NUMERICAL  ANALYSIS  OF  DOUBLY  ROTATED* 
CUT  SAW  DEVICES 
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ABSTRACT 

Results  of  a  numerical  study  of  the  properilee  of  surface  acoustic 
waves  (SAW)  on  doubly  rotated  cuts  of  alpha  quartz  are  presented. 
First  and  second  order  TCF’shave  been  calculated  onalO*  xIO*  x 
10s  grid  spanning  the  range  of  angles  (XY  wit)  0  to  30*7-90*  to 
90°/0  to  180®.  The  Finite  Difference  method  was  employed.  SAW 
velocities  were  calculated  at-50*C,  25*C,  and  100*C.  The  corre¬ 
sponding  frequencies  were  determined  and  curve  fitted.  Angular 
maps  created  from  the  data  base  by  these  calculations  were  used  to 
identify  zero  first  and  second  orderTCF  surfaces.  Families  of  cuts 
with  zero  first  order  TCF  and  small  second  order  TCPs  have  been 
Identified  and  further  explored  on  smaller  angular  grids  (as  small 
as  1.0®  x  1.0®  x  1.0°). 

The  results  of  Sinha  and  Tiersten's  approach  are  correlated  with 
the  finite  difference  method  and  used  to  find  cuts  with  zero  first  or¬ 
der  TCF. 

Families  of  cuts  on  alpha  quartz  with  SAW  temperature  stability 
superior  to  that  found  on  ST  cut  Quartz  are  identified.  Coupling 
coefficients,  power  flow  angles,  phase-temperature  plots  and  other 
parameters  are  given  for  selected  cuts. 


INTRODUCTION 

Quartz  is  one  of  the  most  commonly  used  substrates  for  fabricating 
surface  acoustic  wave  (SAW)  devices.  In  SAW  narrowband  filter, 
oscillator  and  resonator  applications,  the  temperature  stability  of 
the  device  is  an  Important  design  parameter.  Currently,  almost  all 
temperature  stable  SAW  devices  fabricated  on  quartz  use  the  ST 
cut1.  This  cut  exhibits  a  parabolic  frequency  dependence  In  tern 
perature.  For  many  applications,  the  temperature  dependence  of 
devices  fabricated  on  ST  quartz  Is  too  large.  Thus  It  is  desirable  to 
find  crystal  cuts  with  superior  temperature  performance.  Of  course, 
many  other  design  parameters  must  be  considered  when  choosing 
a  crystal  cut.  Some  of  the  more  important  parameters  are  the  piezo¬ 
electric  coupling  coefficient,  acoustic  losses,  dependence  of  de¬ 
vice  performance  on  cut  misorientation,  excitation  of  bulk  modes, 
and  beam  steering  angle.  These  parameters  are  all  determined  fora 
given  cut. 

The  objective  of  this  paper  is  to  locate  crystal  cuts  which  exhibit 
lower  SAW  temperature  coefficients  of  delay  then  the  ST  cut.  The 
method  used  to  characterize  and  calculate  the  temperatu  re  depen¬ 
dence  of  a  crystal  orientation  is  discussed.  Use  is  made  of  computer 
models  to  investigate  the  temperatu  re  dependence  of  different  cuts 
of  crystal  for  SAW  devices.  Calculated  and  manured  results  are 
presented  and  compared.  Finally,  plans  for  future  experimental 
work  are  outlined. 

CALCULATION  OF  TEMPERATURE  COEFFICIENTS 

Defining  r  as  the  delay  time  for  an  acoustic  wave  to  propagate 
between  two  points  on  the  surface  of  the  crystal,  we  wish  to  find 
orientations  for  which  r  is  constant  in  temperature.  It  hu  been 
shown  that  determining  the  temperature  dependence  of  r  (time 
delay)  is  equivalent  to  determining  the  temperature  dependence  of 
F  frequency  via  the  relation  F  «e  Mr? 


•Work  supported  by  U.S.  Army  Electronics  Command,  Fort 
Monmouth,  N.J.,  under  contract  DAAK  2O-79-C-0275 


The  most  straightforward  method  for  calculating  the  frequency- 
temperature  characteristics  of  aSAW  device  IstheFlnite  Difference 
method3*4.  The  Rayleigh  wave  velocitiesareCalculatedfordifferent 

temperatures,  yielding  the  values  Vs(Ti),  1=1, 2; . n.  This  is  done 

by  f  I  rat  calculating  the  fundamental  constants  at  the  temperature  T i 
of  Interest.  These  constants4  are  then  rotated  into  the  coordinate 
system  of  interest.  An  iterative  procedure3  Is  used  to  calculate  a 
velocity  V*  for  which  Christoffel’s  equation  and  the  boundary 
conditions  are  satisfied  simultaneously.  Linear  regression  is  used 
to  calculate  the  temperature  dependence  of  a  Rayleigh  wave  and 
requires  a  complete  solution  of  the  problem  to  be  performed  at 
several  temperatures. 

Sinha  and  Tiersten5  have  provided  a  computer  program  to  calculate 
the  first  order  TCD  using  a  perturbation  approach.  The  constants 
used  In  this  program  were  derived  from  the  original  experimental 
data  of  Bechmann,  Ballato,  and  Lukaszek3,  and  properly  includes 
coordinate  axis  skewing.  A  comparison  of  results  using  the  Finite 
Difference  method  and  the  first  order  temperature  derivatives  cal¬ 
culated  by  Sinha  and  Tiersten's  program  shows  the  later  method  to 
be  more  accurate5,  and  angular orientationsof  the zeroTCFl1)  sur¬ 
faces  calculated  by  the  two  programs  differ  by  as  much  as3  degrees 
on  off  axis  cuts.  Although  the  program  does  not  calculate  the  sec¬ 
ond  and  third  order  TCD's,  it  verifiee  and  refines  reeultsforthe first 
order  TCD.  Both  computer  programs  were  used  extensively  In  this 
study. 

ANALYTICAL  APPROACH 

IRE  standard  angle  definitions  (YX  wit)  PHI/THETA/PSI  for  quartz 
were  used  th  roughout  the  investigation.7  Using  the  Finite  Difference 
approach  with  the  avallablecrystal  constants,  thecalculated  results 
show  that  the  zero  TCFl1)  surfaces  do  hot  intersect  with  the  zero 
TCF(2>  surfaces,  based  on  the  interpolated  results  of  the  10®  x  10*  x 
10*  resolution.  It  is  not  likely  thatafinefresolutionwillprovidecon 
trary  information  because  TCFl1)  and  TCFl*)  are  relatively  slow 
varying  functions.  A  list  of  the  crystal  elastic  constants  and  their 
temperature  derivatives  on  which  these  calculations  are  based  are 
given  In  reference  6.  Calculations  were  performed  on  a  10*  x  10*  x 
10®  grid  over  the  angular  rangesO^PHI &  30®,  O^PSI  ^,180®, 
and  -90®  ^  THETA  ^  90®.  These  initial  calculations  defined  the 
"angular  volumes"  of  lowTCF  orientations.  Calculations  were  then 
performed  on  a  2.5*  x  2.5*  x  2.5*  grid  near  promising  orientations, 
in  this  way  ,  the  entire  angular  range  was  explored  and  a  large 
computer-based  data  file  built.  Maps  of  first  and  second  order 
TCPs  were  generated.8  Despftethe  number  and  density  of  points  at 
which  the  first  and  second  order  TCPs  were  calculated,  wherever 
TCFl')  was  found  to  be  less  than  or  equal  to  zero,  we  found  TCF® 
to  be  less  than  0. 

The  investigative  approach  used  has  been  to  first  locate  the  sur 
faces  of  zero  TCFl1)  (the  most  significant  term)  with  the  Finite 
Difference  program.  Nearthesesurfaces  of  zeroTCFl1),  low  values 
of  TCFl2)  are  sought,  using  already  calculated  results  of  the  Finite 
Difference  programs.  Where  low  values  of  TCFl2)  have  been  found, 
the  perturbation  approach  waS  used  to  more  accurately  locate  the 
zero  TCFl1)  surface,  this  being  the  most  significant  term  In  the 
total  temperature  dependence.  TCFW’s  are  then  calculated  to  as¬ 
sure  that  their  effect  on  the  total  temperature  dependence  is  small. 
To  date,  this  has  always  been  found  to  be  the  case. 
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RESULTS  OF  THE  INVESTIGATIVE  APPROACH 


Table  2.  Propagation  Characteristics  of  Selected  Orientations 


Table  1  consists  of  a  summary  of  the  results  of  using  the  investiga¬ 
tive  approach  described  above.  Out  of  themany  areas  with  lowTCF 
cuts,  some  of  which  have  been  identified  in  this  program  and  some 
previously  identified.1  A4'8.9.io  There  are  three  where  especially 
low  TCF  cuts  have  been  located.  These  areas  are  centered  near 
(YX  wit)  0/27/138,  (YX  wit)  7/27/135.5,  and  {YX  wit)  15/40/40. 
These  orientations  have  zero  TCFI')-  calculated  by  Sinha  andTier- 
sten  approach,  with  TCF<2)  and  TCF(3>  calculated  using  the  Finite 
Difference  approach.  These  areas  are  chosen  because  of  zero 
TCFi1)  and  low  TCF<2).  TCF(3>can  be  mostly  cancelled  out  by 
TCFi1)  if  the  propagation  direction  is  slightly  rotated  away  from 
the  zero  TCFi1)  direction,  so  that  the  TCFi2)  term  will  dominate 
the  performance  characteristics.  The  angular  resolution  In  these 
areas  is  1®  x  1°  x  1°.  The  cuts  potentially  have  one  half  to  one  third 
the  temperature  coefficients  of  ST-Cut  quartz. 


Table  1.  Propagation  Characteristics  of  Selected  Orientations 


ANGLES  OF  ZTCFC) 
DEGREES 

(S  AND  T'S  PROGRAM) 

TCF(2)/0C2  (X10-®) 
FINITE  DIFFERENCE 
PROGRAM 

TCF<3)/aC3  (X10*10) 
FINITE  DIFFERENCE 
PROGRAM 

PHI 

THETA 

PSI 

6 

26 

136.31 

-1.4 

6 

27 

135.93 

-1.3 

0.87 

6 

28 

135.59 

-1.3 

0.57 

7 

26 

135.99 

-1.5 

7 

27 

135.64 

-1.4 

7 

28 

135.27 

-1.3 

0.65 

S 

26 

135.74 

-1.4 

0.85 

8 

27 

135.36 

-1.4 

8 

28 

134.97 

-1.3 

1 

26 

137.78 

-1.2 

0.68 

1 

27 

137.48 

-1.2 

0.65 

1 

28 

137.17 

-1.1 

0.67 

0 

26 

138.07 

-1.2 

0.67 

0 

27 

137.78 

-1.1 

0.68 

0 

28 

137.49 

-1.1 

0.62 

-1 

26 

138.37 

-1.2 

0.60 

-1 

27 

138.09 

-1.2 

0.62 

-1 

28 

137.80 

-1.1 

0.73 

14 

39 

40.195 

-1.0 

0.64 

14 

40 

40.415 

-1.0 

0.86 

14 

41 

40.64 

-1.0 

0.75 

IS 

39 

39.79 

-1.0 

0.63 

15 

40 

40 

-1.0 

0.74 

15 

41 

40.23 

-1.0 

0.73 

16 

39 

39.4 

-1.0 

0.68 

16 

40 

39.605 

-1.0 

0.66 

16 

41 

39.825 

-1.1 

0.60 

To  insure  the  suitability  of  the  cuts  described  above  for  SAWappli- 
catlons,  the  coupling  coefficients,  SAW  velocity,  and  powerflow 
angles  have  been  calculated  for  these  cuts  and  are  summarized  In 
Table  2.  Inverse  velocity  plots  have  been  made  for  orientations  with 
promising  SAW  temperature  characteristics  to  check  forthe  possi¬ 
bility  of  leaky  surface  waves  and  minimum  values  of  fb  were  calcu¬ 
lated  and  compared  with  fsAW-  The  polar  plots  of  the  Inverse  velo¬ 
cities  fora  (YXwIt)  0/27/137.8  and  7/27/135.59  areshown  in  Figure  1 
and  Figure  2,  respectively.  The  inverse  surface  wave  velocity  for 
0/27/137.8  Is  3.06  x  10-*,  that  for  7/27/137.8  is  3.03  x  10-*.  These 
values  are  larger  than  the  maximum  (1/vbuik)  cos  9  «  2.9  x  10'4), 
therefore,  the  analysis  indicates  that' a  leaky  mode  does  not  exist 
(see  Table  2  for  the  SAW  velociiier,; 


ANGLES  OF  ZTCFf1),  DEGREE.. 
(S  AND  TS  PROGRAM) 

VELOCITY 

(MSEC) 

K2 

(X10*3) 

POWER  FLOW 
ANGLE  (DEGREES) 

PHI 

THETA 

PSI 

6 

26 

ia.3i 

3296.84 

1.12 

-0.3 

6 

27 

135.93 

3293.60 

1.12 

-0.2 

6 

a 

135.59 

3290.63 

1.12 

-0.1 

7 

a 

ia.ot 

3303.33 

1.12 

-OS 

7 

27 

135.64. 

3299.70 

1.12 

-0.4 

7 

26 

135.27 

32M. 33 
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Figure  1.  Polar  Plots  of  Inverse  Velocities 
for  a  (YXwIt)  0/27/137.8 
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Figure  2.  Polar  Plots  of  Inverse  Velocities 
for  a  (YXwIt)  7/27/135.59 


In  cutting  quartz  and  aligning  masks  on  it,  there  Is  always  some 
maximum  achievable  accuracy.  Thus  it  is  useful  to  know  how  all  of 
the  acoustic  quantities  considered  vary  with  angle.  Quantities  such 
as  TCD,  phase  velocity,  power  flow  angle,  A  V/V,  and  bulk  wave 
velocity  surfaces,  are  of  interest  to  this  program.  These  quantities 
can  be  accurately  determined  by  directly  calculating  the  quantities 
at  9  =  (<t>0+Aq>),  e  =  (0o+40),andv'  =(^0+d  10  with  the  same 

computer  program  discussed  earlier. 

Calculation  of  the  angular  dependence  on  the  first,  second,  and 
third  order  TCD's  is,  of  course,  our  primary  task.  Of  these  three 
quantities,  thef  irst  orderTCF  is  most  sensitive  to  angular  variation. 
Quantities  such  as  velocity  (Table  2),  power  flow  angles  (Table  2), 
BAW  velocities  (Figures  1  and  2),  coupling  coefficients  (Table  3), 
and  second  and  third  orderTCF’s  (Table  1 )  do  not  vary  quickly  with 
ang'e.  This  is  not  the  case  forTCFl1).  Table  3  contains  a  summary 
of  a  TCFOI/e^.  The  large  values  of  a  TCFW/a^  impose  strict 
fabrication  tolerances  on  the  SAW  cuts  and  mask  alignment.  Fab¬ 
rication  accuracy  to  within  6  minutes  is  required  to  keep  the  total 
temperature  variation  due  to  TCFID  within  45  ppm  for  eTCFWa^ 
-  3(PPM/°  C)/degree  over  the  temperature  range  -50°  C  to  1 00°  C. 
i  able  4  contains  summaries  of  a  TCFW/a  0  and  a  TCFdl/eO. 
These  values  impose  fabrication  tolerances  on  the  rotated  quartz 
plate  angles  <p  and  6  of  12  minutes  to  keep  the  total  temperature 
variation  due  to  a  TCFi'IJISMOMOJ/d^  within  45  ppm  over  the 
temperature  range  -50*C  to  100°C.  This  linear  temperature  varia¬ 
tion  may  be  compensated  for  by  varying  \}/  on  any  particular  cut  if 
all  other  cut  parameters  vary  slowly  with  angle. 


Table  3.  a  TCFtt/a^r  tor  Selected  Cuts 


ANGLES  OF  ZTCFW,  DEGREES 
(S  AND  TS  PROGRAM) 

drcrW/dV 

PHI 

THETA 

PSI 

6 

26 

136.31 

±2.7  (PPM/C0  )/DEGREE 

6 

27 

135.93 

+2.7 

6 

28 

135.59 

+2.7 

7 

26 

135.99 

+2.7 

7 

27 

135.64 

+2.7 

7 

28 

135.27 

+2.7 

8 

26 

135.74 

+2.7 

8 

27 

135.36 

+2.7 

8 

28 

134.97 

+2.7 

1 

26 

137.78 

+2.8 

1 

27 
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+2.8 

1 

28 

137.17 

+2.8 

0 

26 
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+3.0 

0 

27 
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+3.0 

0 

28 

137.49 

+3.0 

-1 

26 
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+3.0 

-1 

27 

138.09 

+3.0 

-1 

28 

137.80 

+3.0 

14 

39 

40.195 

-3.5 

14 

40 

40.415 

-3.5 

14 

41 

40.64 

-3.5 

15 

39 

39.79 

-3.5 

15 

40 

40 

-3.5 

15 

41 

40.23 

-3.5 

16 

39 

39.4 

-3.7  j 

16 

40 

39.605 

-3.7 

16 

41 

39.825 

-3.7 

Table  4.  8TCF(’)/$$  and  aTCF(')/ag  for  Selected  Cuts 


ANGLES  OF  ZTCfl1) 

(S  AND  TS  PROGRAM),  DEGREE 

flTCFi’l/a* 

STCFt’i/a# 

PHI 

THETA 

PSI 

7 

27 

135.S4 

-0.7(PPM/C*  )/D  tOREE 

-03(PPM/C*)/DEOREE 

0 

27 

137.71 

-01 

-03 

IS 

40 

4000 

♦13 

-0.7 

EXPERIMENTAL  VERIFICATION 


Wafers  with  the  orientation  listed  in  Table  1  are  being  fabricated. 
Considerable  care  has  been  taken  to  reduce  fabrication  tolerances 
of  the  devices  fabricated  for  this  study.  For  these  cuts,  <j>  and  Q  are 
known  to  be  within  ±4  minutes.  is  known  to  be  within  ±15  min¬ 
utes.  Two  wafers  with  orientation  (YX  wit)  8.05°/25.9°/135.7°  and 
(YX  wit)  6.57*726.88° /134.90  as  well  as  a  commercially  supplied 
ST-cut  wafer  have  been  tested.  A  delay  line  oscillator  was  used  to 
measure  the  temperature  dependence  of  the  SAW  delay  time.  The 
experimental  apparatus  is  shown  in  Figure  3.  No  colls  were  used  to 
match  the  devices  in  order  to  eliminate  inductance  changes  in  the 
matching  circuit  over  the  temperature  range  tested.  The  complete 
experimental  error  is  estimated  to  be  within  ±10  ppm. 
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Figure  3.  Measurement  System 

The  frequency-temperature  behavior  of  the  device  fabricated  on 
the  commercially  supplied  ST-cut  wafer  (YX  wit)  0/42.75/0 
(angular  tolerance  is  not  known)  is  shown  in  Figure  4.  Both  the  cal¬ 
culated  and  experimental  results  are  plotted.  Plots  of  the  measured 
frequency-temperature  behavior  of  the  two  devices  fabricated  at 
Motorola  are  shown  in  figure  5  and  6. 


Figure  4.  (YXwIt)  0/42.75/0  ST-CUT 

The  linear  term  in  temperature  is  virtually  absent  in  the  device  fab¬ 
ricated  at  (YX  wit)  6.57/26.88/1 34.9  (figure  5).  The  linear  frequency 
term  in  the  device  fabricated  at  (YX  wit)  8.05/25.9/135.7  (figure  6) 
could  be  compensated  for  by  a  rotation  of  the  mask  by  about  0.5 
degrees.  This  small  rotation  would  not,  according  to  our  calcula 
tlons,  appreciably  affect  TCF(2).  Both  devices  have  a  calculated 
second  order  TCF!2)  of  about  -  0.15  x  10'/,  about  half  as  large  as 
that  of  ST-Cut  Quartz.  This  result  is  born  out  by  the  experimental 
measurements,  a  linear  regression  analysis  which  shows  a  TCF<2) 
of  -0.16  x  10-'.  These  results  are  summarized  In  Table  5. 
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1  able  5.  Comparison  of  Experimental  and  Calculated  Results 


Angles 

Calculated 

Measured 

Phi 

That 

Ptl 

TCF  <  ft 

TCF  ’  ftt 

TCF  3  ftt 

TCF  >  ftt 

TCF1 

TCF  1 

TCF* 

0 

42.75 

Of 

-0.07  X  10-‘ 

0.06  X  10-» 

-0.40  X  10-» 

0.11  X  10-1* 

-0.1  X  10-* 

-0.37  X  10-T 

-0.17  X  10-» 

8.05 

25.9 

135.7 

-0.01 

0.74 

-0.15 

0.42 

0.16 

-0.16 

0.56 

6.57 

26.88 

134.9 

-0.24 

0.55 

-0.15 

0.48 

0.025 

-0.16 

0.47 

tWafer  obtained  commercially.  Angular  tolerance  it  unknown. 
tfCalculated  using  Slnha  and  Tleraten’s  program. 
ttfCalculated  using  Finite  Difference  Approach. 


The  agreement  between  the  experimental  and  calculated  results 
has  been  excellent  to  date.  Calculations  using  the  Finite  Difference 
method  indicate  that  the  doubly  rotated  wafers  in  fabrication 
should  possess  a  slightly  improved  frequency  response  with 
TCF<2)  =  -0.1  x  10‘7  (see  Table  1)  but  does  not  Include  the  effects 
of  coordinate  axis  skewing5  taken  into  account  by  the  Slnha  and 
Tiersten  computer  program,  which  may  become  significant  for 
these  cuts  which  are  farther  off  of  the  crystaline  axes. 

SUMMARY 

The  results  of  a  study  of  the  temperature  coefficients  of  frequency 
on  doubly  rotated  cuts  of  quartz  were  presented.  Both  a  Finite 
Difference  technique3  and  a  Perturbation  technique  developed  by 
Sinha  and  Tiersten5  were  used  to  select  orientations  with  tempera¬ 
ture  stability  superior  to  ST-Cut  quartz.  Experimental  results  are 
found  to  be  in  agreement  with  the  calculations  and  show  a  two  fold 
improvement  in  frequency  stability  over  the  ST-Cut. 
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Abstract 

We  have  reported  previously  on  the  effects  of 
thin  dielectric  overlays  on  narrow-band  SAW  devices, 
showing  that  Al303  and  ZnS  are  potentially  useful 
materials  for  fine-tuning  the  center  frequency  up  or 
down .  Our  study  has  now  been  expanded  to  include 
SSBW  devices  as  well.  Currently  we  are  investigat¬ 
ing  an  extensive  sampling  of  closely  related  SAW  and 
SSBW  delay  lines,  all  fabricated  on  rotated  Y  cuts  of 
quartz  and  employing  the  same  transducer  design, 
but  differing  in  (1)  substrate  rotation  angle  (+35  to 
43°),  (2)  coating  (ZnS,  Al303,  or  nothing),  and 
(3)  propagation  direction  (0  or  90°  with  respect  to 
the  X  axis).  Preliminary  results,  comprising  room- 
temperature  data  on  ten  coated  samples,  are  reported 
here.  The  coated  SAW  lines  show  no  surprises,  but 
the  coated  SSBW  lines  display  interesting  behavior. 
ZnS  overlays  produce  even  stronger  center-frequency 
shifts  than  on  SAW  devices.  In  addition,  both  ZnS 
and  Al203  reduce  insertion  loss  substantially,  pro¬ 
vided  the  coating  thickness  does  not  exceed  about 
0. 02X.  These  effects  are  attributed  to  trapping  or 
guiding  by  the  dielectric  surface  layer,  i.e. ,  the 
transformation  of  shallow  bulk  waves  into  Love 
waves.  Some  implications  of  this  behavior  are  dis¬ 
cussed.  Additional  measurements  (including  temper¬ 
ature  dependence  and  aging)  are  planner i  and  will  be 
reported  later. 


Introduction 

In  previous  studies  we  have  demonstrated  that 
the  deposition  of  a  thin  overlay  of  a  suitable  noncon¬ 
ducting  material  on  a  narrow-band  SAW  (surface 
acoustic  wave)  device  can  be  employed  to  adjust  its 
center  frequency  up  or  down  by  as  much  as  1%  with¬ 
out  appreciably  degrading  performance. 1  ,z  The 
technique  is  thus  potentially  useful  as  a  practical 
means  of  fine-tuning  the  center  frequency  of  nar¬ 
row-band  SAW  devices  to  meet  the  stringent  toler¬ 
ances  often  encountered  in  specific  applications , 
either  as  a  post-fabrication  operation  or  as  a  final 
trimming  step  in  production. 

In  particular  for  quartz  SAW  delay  lines ,  we 
found  ZnS  (whose  acoustic  velocity  is  slower  than 
that  of  quartz)  to  be  an  excellent  coating  material 
for  decreasing  the  center  frequency.  Similarly, 
A1203  (a  faster  material  than  quartz)  was  found  to 
be  useful  for  increasing  the  center  frequency.  In 
either  case,  a  relative  frequency  shift  of  0.5%  re¬ 


quired  an  overlay  thickness  of  about  0.007X  (i.e. , 
about  300  nm  for  a  70-MHz  SAW  device) .  Insertion 
loss  increased  typically  1  or  2  dB  for  such  coatings. 

In  addition,  for  devices  fabricated  on  quartz  sub¬ 
strates  having  a  parabolic  temperature  dependence 
(e.g. ,  AT  and  ST  cuts),  we  observed  that  both 
overlay  materials  decreased  the  turnover  tempera¬ 
ture  (temperature  where  the  slope  of  the  frequency- 
temperature  characteristic  passes  through  zero)  some 
25  to  50°C. 

Subsequent  work  has  been  directed  toward  mak¬ 
ing  a  number  of  improvements  in  experimental  tech¬ 
nique  and  instrumentation  (related  to  device  fabri¬ 
cation,  coating,  packaging,  and  characterization), 
and  the  scope  of  the  study  has  been  broadened  to 
include  SSBW  (surface-skimming  bulk  wave)  as  well 
as  SAW  devices.  Presently  we  are  engaged  in  the  in¬ 
vestigation  of  the  effects  produced  by  dielectric 
overlays  on  a  series  of  closely  related  quartz  SAW 
and  SSBW  delay  lines,  all  fabricated  on  rotated  Y 
cuts  of  quartz  and  employing  the  same  transducer 
design.  The  devices  differ  only  in  (1)  substrate 
rotation  angle  (three  cuts  in  the  range  $5  to  43°) , 

(2)  coating  material  (Zns,  A12Oj,  or  nothing),  and 

( 3)  transducer  orientation  (propagation  parallel  or 
perpendicular  to  the  crystalline  X  axis) . 

We  now  wish  to  report  the  preliminary  results  of 
room-temperature  observations  made  on  ten  of  these 
coated  devices ,  comparing  center  frequency  and  in¬ 
sertion  loss  before  and  after  coating,  for  both  classes 
of  device.  First,  however,  we  shall  review  the  gen¬ 
eral  properties  of  SSBW  and  SAW  devices  as  they 
relate  to  the  present  study. 

SSBW  and  SAW  Properties  Compared 

Surface-skimming  bulk  waves ,  also  known  as 
shallow  bulk  acoustic  waves  (SBAW's) ,  are  shear- 
horizontal  (SH)  bulk  waves  that  travel  just  below 
the  surface,  gradually  spreading  into  the  bulk  ma¬ 
terial  as  they  propagate. 3-6  SSBW's  can  be  gener¬ 
ated  and  received  by  interdigital  transducers  (IDT's) 
on  piezoelectric  crystals  in  the  same  manner  as 
SAW's  (Rayleigh  waves).  They  and  other  bulk  modes 
can  often  be  excited  in  addition  to  Rayleigh  waves  on 
SAW  devices.  (Still  other  surface  and  pseudo-surface 
modes  exist  for  certain  material  symmetries  and  ori¬ 
entations,  but  these  will  not  be  discussed  here.) 

When  these  bulk  modes  accompany  the  desired  Ray¬ 
leigh  surface  wave,  they  are  usually  regarded  as 
spurious  and  can  sometimes  cause  interference  or 
distortion. 
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It  has  been  recognized  since  1976,  however,  that 
the  shallow  SH  mode  can  be  specifically  isolated  and 
employed  to  good  advantage  in  acoustic  devices,  pos¬ 
sessing  most  of  the  desirable  features  of  SAW  devices 
(planar  geometry,  compact  size,  design  versatility, 
etc.).  SSBW/SBAW  devices  can  utilize  the  design 
and  fabrication  techniques  already  developed  for 
SAW  devices. 

The  two  modes  —  SSBW  (shallow  SH)  and  SAW 
(Rayleigh)  —  differ  in  the  details  of  velocity ,  coup¬ 
ling  efficiency ,  and  temperature  coefficient  of  delay , 
as  these  are  all  strong  functions  of  material,  orien¬ 
tation,  and  propagation  mode.  Fortunately,  there 
exist  several  materials  and  orientations  having  favor¬ 
able  combinations  of  propagation  properties  for 
SSBW's. 

For  example,  the  rotated  Y  cuts  of  quartz  are  of 
particular  interest  because  of  the  existence  of  tem¬ 
perature-compensated  orientations.  Conventional 
SAW  devices  typically  use  the  ST  cut  (42.75°  ro¬ 
tated  Y  cut)  with  propagation  parallel  to  the  X  axis. 
This  orientation  possesses  a  parabolic  temperature 
dependence,  with  turnover  temperature  at  room  tem¬ 
perature,  and  the  IDT  couples  maximally  to  the  Ray¬ 
leigh  mode  (SAW). 

There  is,  however,  some  weaker  coupling  to 
bulk  modes  at  higher  frequencies  in  these  devices , 
with  the  fast  quasi-shear  (quasi-SH)  and  quasi¬ 
longitudinal  modes  typically  being  observable  in 
narrow-band  delay  lines.4'5  These  appear  at  fre¬ 
quencies  well  above  the  SAW  frequency,  where  they 
become  phase  matched  to  the  IDT's  for  propagation 
(nearly)  parallel  to  the  surface.  In  addition,  wide¬ 
band  SAW  devices  can  suffer  from  interference  or 
distortion  due  to  the  slow  quasi-shear  (quasi-shear- 
vertical  [SV])  mode  within  or  very  near  the  pass- 
band  ,  as  its  velocity  is  not  much  above  the  Rayleigh 
velocity. 

When  the  same  transducers  are  oriented  90°  off 
the  X  axis,  however,  coupling  occurs  only  to  a  pure 
SH  mode  (i.e. ,  the  SSBW/SBAW),  whose  velocity  is 
about  1.6  times  that  of  the  Rayleigh  SAW  generated 
in  the  0°  orientation  (5.1  vice  3.16  km/s).  Further¬ 
more,  the  temperature  coefficient  is  related  to  that 
of  the  corresponding  conventional  bulk-wave  config¬ 
uration,  so  that  the  proper  choice  of  cut  can  yield  a 
temperature  dependence  equal  or  superior  to  that  of 
the  SAW  on  ST-cut  quartz.2 3  SSBW's  on  AT-cut 
quartz,  for  example,  are  approximately  equivalent  to 
conventional  (perpendicular)  bulk  waves  in  BT-cut 
quartz ,  as  the  two  cuts  are  about  90°  apart . 

Thus,  an  AT-90°  SSBW  device  differs  in  the  fol¬ 
lowing  important  respects  from  an  ST-0°  (or  ST-X) 
SAW  device: 

1.  Only  one  mode  (viz. ,  the  SSBW  =  SBAW  = 

SH)  mode  couples  to  the  transducers,  yielding  a 
cleaner  spectrum. 

2.  The  center  frequency  (which  scales  as  prop¬ 
agation  velocity  for  a  given  transducer  size)  is  about 
60%  higher,  enabling  higher  frequency  devices  to  be 
fabricated  for  a  given  IDT  size  (important  for  oper¬ 
ating  frequencies  above  500  MHz,  where  transducer 
resolution  tolerances  become  critical  for  SAW's) . 

3.  Insertion  loss  tends  to  be  somewhat  higher, 
especially  for  long  propagation  paths,  due  to  beam¬ 


spreading  loss.  (Surface  power  falls  as  X/R,  where 
R  is  the  path  length  =  center-to-center  transducer 
separation.)  However,  it  is  possible  to  minimize 
this  extra  loss  through  care  in  transducer  design 
and  fabrication  and  (as  will  be  discussed  later)  the 
use  of  surface  modifications  that  reduce  spreading 
of  the  beam. 

One  more  comment  may  be  made.  Since  SSBW's 
travel  somewhat  below  the  surface,  they  are  gener¬ 
ally  expected  to  be  less  affected  by  surface  contam¬ 
inants  than  SAW's,  therefore  yielding  narrow-band 
devices  (such  as  oscillators)  with  improved  aging 
stability.  Extensive  aging  tests  of  SSBW  devices  do 
not  appear  to  have  been  reported  yet ,  so  this  ex¬ 
pectation  remains  to  be  verified. 

Experimental  Devices  and  Measurements 

All  devices  currently  under  investigation  are  de¬ 
lay  lines  employing  the  same  narrow-band  design, 
based  on  a  mask  supplied  to  us  by  Andersen  Labora¬ 
tories.  The  two  transducers  (not  identical)  utilize 
split  fingers  with  overlap  weighting.  One  transducer 
consists  of  170  periods,  with  three  fingers  per  peri¬ 
od  ;  it  operates  at  the  second  harmonic .  The  other 
transducer  consists  of  144  periods,  with  four  fingers 
per  period;  it  operates  at  the  third  harmonic.  The 
finger  spacings  are  such  that  the  resonant  wave¬ 
lengths  XQ  are  the  same,  here  22.8  pm.  The  ground 
bus  for  each  transducer  completely  encloses  the 
finger  region,  following  a  trapezoidal  path.  Both 
apertures  are  65  wavelengths,  the  center-to-center 
separation  is  464  wavelengths,  and  the  gap  between 
finger  regions  is  73  wavelengths. 

The  transducers,  aluminum  100  to  110  nm  thick, 
are  formed  on  bare  quartz  substrates  using  standard 
photolithographic  techniques.  The  bottom  surface 
and  the  end  edges  of  the  substrate  are  roughened 
prior  to  transducer  fabrication  to  suppress  (scatter) 
any  reflected  waves. 

This  design  is  being  used  to  make  some  three 
dozen  devices,  comprising  three  substrate  cuts,  two 
propagation  directions,  and  three  coating  conditions, 
as  follows: 

1.  The  substrates  are  rotated  Y  cuts  of  quartz 
having  rotation  angles  +35.25°  (AT  cut),  +39.0°,  and 
+42.75°  (ST  cut). 

2.  Transducer  orientations  are  either  (a)  per¬ 
pendicular  to  the  quartz  X  axis  (denoted  here  as  the 
90°  direction),  yielding  only  the  SSBW;  or  (b)  par¬ 
allel  to  the  X  axis  (denoted  here  as  the  0°  direction), 
yielding  primarily  the  Rayleigh  SAW ,  but  also  two 
smaller  peaks  at  higher  frequencies ,  due  to  the  onset 
of  the  quasi-SH  and  quasi-longitudinal  modes. 

3.  Coatings  are  ZnS  (slow  layer) ,  A1203  (fast 
layer) ,  or  nothing.  The  thickness  of  the  dielectric 
layer  ranges  from  50  to  600  nm  (h/X  from  0.2%  to 
2.6%)  for  different  samples.  Uniform  coatings  are 
deposited  over  the  entire  device,  employing  E-beam 
evaporation  for  ZnS  and  formerly  for  A1203.  Be¬ 
cause  of  consistency  problems  encountered  with  the 
latter  in  our  evaporation  setup ,  we  have  changed  to 
reactive  sputtering  as  a  means  for  depositing  high- 
purity  A1203  coatings.  Unfortunately,  the  sputter¬ 
ing  system  was  out  of  operation  until  quite  recently, 
so  that  we  have  obtained  only  one  device  to  date 
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with  a  sputtered  A1203  coating.  All  of  our  overlays 
are  assumed  to  be  poly  crystalline  and  unaligned, 
i.e.,  effectively  isotropic. 

The  delay  lines  are  currently  at  various  stages 
of  fabrication ,  packaging,  and  room-temperature 
characterization.  Such  characterization  consists  so 
far  of  transmission  measurements  performed  on  the 
unmatched  devices ,  including  the  recording  of  wide- 
and  narrow-band  frequency  sweeps  plus  careful 
measurements  of  center  frequency ,  insertion  loss , 
and  phase  vs.  frequency  in  the  passband.  These 
measurements  are  performed  before  and  after  coat¬ 
ing,  with  some  double  checks  made  at  other  times 
to  ascertain  consistency  and  stability. 

Following  completion  of  the  room-temperature 
characterizations  and  final  package  sealing,  repre¬ 
sentative  samples  will  be  measured  as  a  function  of 
temperature  and  then  monitored  in  oscillator  circuits 
for  aging  behavior. 

Presently  we  have  satisfactory  room-temperature 
data  on  ten  coated  devices  (four  SAW  and  six  SSBW) 
In  Table  1  we  have  listed  center  frequencies  and  in¬ 
sertion  loss  for  each  device,  along  with  the  changes 
produced  by  the  overlay.  Although  our  investiga¬ 
tion  is  far  from  complete ,  we  believe  these  prelimin¬ 
ary  results  are  of  sufficient  interest  to  report  now . 


Additional  measurements  are  planned  and  will  be  re¬ 
ported  later. 

Room-Temperature  Results 

As  can  be  seen  from  Table  1,  for  the  particular 
transducer  design  used,  the  uncoated  SAW  center 
frequencies  were  about  139. 5  MHz  and  the  uncoated 
SSBW  center  frequencies  were  about  60%  higher, 
ranging  from  221  to  226  MHz,  depending  on  cut. 
Uncoated  insertion  loss  at  center  frequency  (un¬ 
matched)  was  around  20  dB  for  the  SAW  lines  and  27 
dB  for  the  SSBW  lines,  there  being  a  moderate  amount 
of  sample-to-sample  variation,  especially  for  the  SSBW 
lines.  Group  delay  times  were  about  3.1  ps  for  the 
uncoated  SAW  lines  and  1.9  ps  for  the  SSBW  lines. 

The  coating-induced  changes  for  the  SAW  lines 
were  about  as  expected  on  the  basis  of  our  earlier 
work, 1  <2  with  ZnS  decreasing  center  frequency  ap¬ 
proximately  linearly  with  thickness  over  the  range 
observed.  The  rate  of  frequency  change  was  about 
-4.5  kHz/nm,  verified  up  to  a  thickness  of  305  nm 
(0.013X),  at  which  thickness  the  frequency  had  de¬ 
creased  by  1.5%.  Insertion  loss  was  degraded  by  no 
more  than  2  dB  for  these  coatings. 

The  results  for  the  coated  SSBW  devices  were  at 


TABLE  1.  Room-Temperature  Effects  Observed  on  Coated  SAW  and  SSBW  Devices. 

Samples  listed  in  order  of  increasing  coating  thickness  h  for  each  mode  and  coating  material. 
X0  =  surface  wavelength  defined  by  transducers  =22.8  pm, 
f„  =  center  frequency,  IL  =  insertion  loss. 


QUARTZ  UNCOATED  COATING-INDUCED 


PROP. 

OVERLAY 

SUBSTRA TE 

DEVICE 

CHANCES 

MODE 

Material 

h  (pm) 
[h/A0] 

Out- 

Orient. 

ID 

# 

fo 

(MHz) 

IL 

(dB) 

Af0(MHz) 
[A  f0lf0] 

Afo/h 

(MHz/pm) 

AIL 

(dB) 

SAW 

ZnS 

0.160 

(0.70%] 

AT-0° 

C8 

139.51 

18.5 

-0.79 

[-0.57%] 

-4.9 

+2 

0.255 

[1.12%] 

ST-0° 

C7 

139.62 

22 

-1.03 

[-0.74%] 

-4.0 

+2 

0.275 

[1.21%] 

AT-0° 

C3 

139.41 

19 

-1.40 

[-1.00%] 

-5.1 

+1 

0.305 

[1.34%] 

AT-0° 

C4 

139.38 

22 

-1.50 

[-1.08] 

-4.9 

s0 

SSBW 

ZnS 

0.201 

[0.88%] 

AT-90° 

D9 

225.93 

36 

-2.90 

[-1.28%] 

-14.4 

-13 

0.250 

[1.10%] 

39°-90° 

D5 

224.34 

28 

-1.18 

[-0.53%] 

-4.7 

-7 

0.300 

[1.32%] 

ST-90® 

Dll 

221.59 

28 

-2.93 

[-1.32%] 

-9.8 

-12 

0.370 

[1.62%] 

390-90° 

D13 

224.39 

27 

-5.33 

[-2.38%] 

-14.4 

-7 

0.530 

[2.33%] 

390-900 

D7 

224.31 

24.5 

-11.87 

[-5.29%] 

-22.4 

+5 

ai2o3 

0.147 

[0.65%] 

390-90° 

D6 

224.29 

24 

-0.30 

[-0.13%] 

-2.0 

-6 
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first  surprising  to  us ,  bee  mse  of  the  widespread  ex¬ 
pectation  that  SSBW's  are  '.ess  influenced  by  (non¬ 
conducting,  nonperiodic)  surface  contaminants  than 
true  surface  (e.gr. ,  Rayleigh)  waves.3-6  Our  data 
reveal  that  the  frequency  shift  induced  by  a  thin 
ZnS  coating  is  about  double  that  for  the  SAW  case, 
roughly  -10  kHz/nm  for  h/X  up  to  about  2%,  though 
there  is  appreciable  scatter  in  the  limited  sampling 
to  date. 


duced  by  a  thin  ZnS  coating  on  an  SSBW  delay  line 
is  larger  than  expected  on  the  basis  of  simply  a  ve¬ 
locity  perturbation.  Even  a  fast  layer,  Al2Os ,  was 
found  to  decrease  the  center  frequency,  albeit  to  a 
lesser  extent.  One  way  to  account  for  this  is  to  as¬ 
sume  that  the  dielectric  bends  the  SSBW ,  initially 
propagating  at  a  shallow  angle  with  respect  to  the 
surface,  so  that  it  propagates  (more  nearly)  parallel 
to  the  surface. 


For  h/X  >2%  the  frequency  shift  was  even  more 
pronounced,  with  a  rather  large  (5.3%)  frequency 
decrease  observed  for  the  530-nm  ZnS  coating.  The 
one  AljOj-coated  sample  also  displayed  a  negative 
frequency  shift,  though  much  smaller  than  for  a  ZnS 
coating  of  comparable  thickness.  This  is  contrary  to 
the  effect  observed  for  SAW  devices, 1  >2  as  A1203  is 
a  fast  layer  and  tends  to  increase  the  velocity  of 
Rayleigh  waves. 

Note  that  A120 3  is  a  fast  layer  even  in  the  SSBW 
case,  as  its  isotropically  averaged  velocity  is  6.4 
km/s,  which  is  25%  higher  than  the  uncoated  SSBW 
velocity.  (This  assumes  the  film  density  is  close  to 
that  of  the  bulk.) 

Another  notable  feature  of  the  dielectric-coated 
SSBW  lines  is  the  substantial  improvement  ( 6  to  13 
dB)  in  insertion  loss  resulting  from  all  the  coatings 
except  the  thickest.  The  SSBW  lines  show  somewhat 
less  individual  variation  in  loss  values  after  coating 
than  before,  tending  to  be  about  the  same  as  for  the 
uncoated  SAW  lines  —  although  one  coated  SSBW 
line  (#D11)  ended  up  with  lower  loss  than  any  of  the 
uncoated  SAW  lines.  In  contrast  to  the  others,  the 
SSBW  line  with  the  thickest  coating  (530  nm)  dis¬ 
played  increased  loss ,  suggesting  that  signal  en¬ 
hancement  ceases  for  h/X  >  2%. 

Some  observations  were  also  made  of  frequency 
and  insertion  loss  for  the  higher-order  modes  also 
present  on  the  SAW  devices.  These  are  not  shown 
in  the  table,  as  documentation  was  not  as  complete 
on  these  "spurious"  modes  for  the  devices  made 
early  in  the  study.  Their  general  characteristics, 
however,  can  be  readily  summarized. 

Two  transmission  peaks  were  seen  above  the 
Rayleigh  frequency,  similar  to  those  reported  by 
Browning  and  Lewis.4'5  A  fast-shear  response 
(quasi-SH  mode)  appeared  in  the  225-226  MHz 
range,  and  a  quasi-longitudinal  response  occurred 
at  about  254.5  MHz  (the  latter  usually,  but  not  al¬ 
ways  ,  weaker  than  the  former) .  Jio  evidence  of 
waves  reflected  from  the  ends  or  the  bottom  surface 
was  seen. 

When  the  SAW  devices  (0°  propagation  direc¬ 
tion)  were  coated  with  ZnS  or  A1203 ,  very  little 
change  was  seen  in  the  quasi-longitudinal  mode,  but 
a  substantial  negative  frequency  shift  (typically  -10 
kHz/nm),  often  accompanied  by  signal  enhancement, 
was  seen  for  the  quasi-SH  mode  on  ZnS-coated  de¬ 
vices.  It  was,  in  fact,  the  observation  of  coating- 
induced  effects  on  the  quasi-SH  mode  of  0°  devices 
that  prompted  us  to  investigate  more  carefully  the 
effects  of  dielectric  coatings  on  the  SH  mode  (SSBW/ 
SB  AW)  on  90°  devices. 


Discussion 

The  substantial  negative  frequency  shift  pro¬ 


For  example ,  consider  a  tilted  plane  bulk  wave , 
propagating  at  an  inclination  angle  9  into  the  bulk 
material.  If  X  is  the  bulk  wavelength,  then  its  pro¬ 
jection  on  the  surface,  Xa,  is  given  by: 

Xa  =  X/cos  0  =  v/f  cos  9  .  (1) 

At  the  center  frequency  (phase-matched  condition) , 
we  have  Xa  i  X_,  where  Xfi  is  the  operating  wave¬ 
length  of  the  IDT's  —  a  fixed  geometrical  property 
of  the  finger  spacing.  Therefore  the  right-hand 
side  of  eq.  (1)  is  invariant  with  respect  to  any 
coatings . 

Now  let  the  subscripts  1  and  2  denote  two  con¬ 
ditions:  uncoated  and  coated,  respectively.  Equat¬ 
ing  v/f  cos  9  for  these  two  conditions  yields: 


^02 


V2  COS  0 

’  cos  92 

=  (velocity  factor)  x  (bending  factor) , 


where  foi  =  center  frequency,  v,  =  velocity  in  the 
transducer  region  (composite  medium),  and  0!  = 
launch  angle  (02  <  0,).  For  a  slow  layer  like  ZnS 
(v2  <  v, ) ,  both  factors  are  less  than  1,  leading  to  a 
strong  decrease  in  f0.  For  A1203 ,  a  fast  layer,  the 
velocity  factor  is  greater  than  1  and  the  bending 
factor  less  than  1,  with  the  former  evidently  domi¬ 
nant,  leading  to  a  mild  frequency  decrease. 

This  simple  model  is  at  best  incomplete,  but  it 
nonetheless  illustrates  the  influence  of  both  velocity 
and  angle  modifications.  One  must  consider  in  more 
detail  the  propagation  of  acoustic  waves  in  layered 
media,  which  has  been  extensively  reviewed  by  Far- 
nell  and  Adler.  1  Relevant  qualitative  features  will 
be  outlined  here. 

In  a  medium  consisting  of  a  semi-infinite  sub¬ 
strate  covered  by  a  thin  layer,  two  surface- guided 
modes  can  be  identified  if  anisotropy  is  not  exces¬ 
sive:  A  Rayleigh-like  wave,  having  primarily 
sagittal-plane  displacements,  and  a  Love  wave, 
having  primarily  horizontal  displacements  (i.e. ,  a 
[quasi-]SH  surface-guided  wave).  For  either  of 
these  surface- guided  modes,  more  of  the  mode 
energy  is  drawn  into  the  layer  as  the  relative 
thickness  (h/X)  increases. 

Thus  if  we  add  a  dielectric  overlay  to  a  SAW  de¬ 
vice,  we  do  not  change  the  fundamental  nature  of 
the  Rayleigh  wave.  It  remains  a  Rayleigh(-like) 
wave  after  coating,  but  with  modified  velocity  (gen¬ 
erally  shifted  in  the  direction  of  the  layer's  shear 
velocity) ,  along  with  the  addition  of  dispersion 
(through  the  parameter  h/X).  The  effect  of  a  thin 
coating  on  Rayleigh-wave  velocity  can  be  viewed  as 
a  perturbation,  and  velocity  can  be  calculated  ap¬ 
proximately,  at  least  for  high-symmetry  cases,  as  a 
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first-order  correction  (expanding  in  terms  of  h/X  or 
hK)  to  the  uncoated  velocity.8 

The  situation  is  quite  different  when  applying  a 
dielectric  overlay  to  an  SSBW  device,  even  for  very 
small  h,  as  the  coating  transforms  the  initially  dif¬ 
fracting  bulk  SH  wave  into  a  surface-guided  SH  Love 
wave.  This  accounts  for  the  "bending"  assumed  in 
eq.  (2),  and  is  what  has  veen  variously  referred  to 
by  others  as  "energy  trapping,"  "ducting,"  "sur¬ 
face  guiding,"  "confining,"  or  the  "addition  of  a 
slowing  mechanism ."3,5,6,9,10,11  periodic  surface 
grooves  or  other  topological  variations,  9<10  or  a 
metallic  grating,6  between  the  transducers  have 
already  been  used  or  considered  as  methods  for  trap¬ 
ping  SSBW's,  and  we  now  have  demonstrated  that  a 
similar  effect  results  from  the  deposition  of  a  dielec¬ 
tric  coating.  The  layer  (dielectric  in  this  case) 
traps  or  guides  the  SSBW  along  the  surface,  so  that 
(less)  energy  is  radiated  or  diffracted  into  the  bulk, 
leading  to  a  reduction  in  insertion  loss. 

For  a  sufficiently  thick  coating  the  signal  en¬ 
hancement  will  saturate,  the  limiting  value  pre¬ 
sumably  being  that  for  a  Rayleigh  surface  wave .  If 
the  coating  thickness  is  increased  beyond  an  optimum 
range,  sufficient  wave  energy  will  be  drawn  into  the 
nonpiezoelectric  layer  that  electromechanical  coupling 
to  the  IDT's  is  diminished,  leading  to  an  increase 
(degradation)  of  insertion  loss  (see  Ref.  7,  pp.  122- 
123) .  This  evidently  is  what  happened  in  our  sample 
#D7  (h/X  =  2.33%).  (Note,  however,  that  the  coat¬ 
ing's  effect  on  frequency  was  showing  no  signs  of 
saturating  at  that  thickness  —  actually  becoming 
more  pronounced.) 

The  case  of  A1203  (fast  layer)  on  quartz  SSBW 
devices  raises  some  interesting  questions,  as  in 
theory  there  is  no  real  Love-wave  solution  for  a  fast 
layer  on  a  planar  substrate. 7  Yet  we  appear  to  have 
an  actual  example  of  such  a  wave  with  our  A1203- 
coated  SSBW  line.  Its  signal  strength  was  enhanced, 
as  with  ZnS,  implying  energy  trapping  by  the  A1203 
layer,  although  the  frequency  was  not  shifted  up¬ 
ward.  Gulyaev  and  Polzikova11  have  shown  that 
surface  shear-wave  velocity  can  be  increased  by  a 
fast  layer  on  a  convex  curved  surface,  but  not  on  a 
planar  surface.  Although  additional  experimental 
and  theoretical  clarification  is  obviously  needed  in 
the  present  situation,  it  appears  at  this  point  that 
for  A1203  on  planar  quartz  devices  (a)  a  (pseudo-) 
Love  wave  exists  for  at  least  some  range  of  layer 
thickness  and  velocity  values;  (b)  guiding  or  energy 
trapping  occurs  for  SSBW's,  though  possibly  not 
quite  as  complete  as  with  a  slow  layer;  and  (c)  SH 
propagation  velocity  is  not  increased  above  that  of 
the  uncoated  substrate,  although  the  decrease  may 
be  small.  Consequently,  upward  frequency  tuning 
of  SSBW  devices  seems  unlikely. 


Conclusions 

We  have  demonstrated  that  the  deposition  of  a 
thin  dielectric  coating  on  an  SSBW/SBAW  device  pro¬ 
duces  two  effects :  energy  trapping  and  negative 
frequency  shift .  Either  or  both  of  these  effects 
could  prove  useful  in  some  applications  of  these 
devices. 

It  appears  that  a  thin  layer  of  any  different 


material,  electrically  conducting  or  nonconducting, 
deposited  on  the  surface  of  an  SSBW  device  —  or 
presumably  adsorbed  by  it  —  will  have  a  pronounced 
effect  on  the  frequency  and  amplitude  characteris¬ 
tics.  The  surface  perturbation  effectively  trans¬ 
forms  the  shallow-bulk,  inward-spreading  SH  wave 
into  a  surface-guided  Love  wave.  Consequently, 
the  oft-presumed  immunity  of  SSBW/SBAW  devices 
to  minor  surface  contaminants  (of  importance  in  the 
aging  behavior  of  precision  oscillators)  is  called  into 
question.  Clearly  there  is  a  need  for  closer  examina¬ 
tion  of  this  point. 

On  the  other  hand,  it  may  prove  advantageous 
deliberately  to  exploit  the  evidently  strong  sensi¬ 
tivity  of  SSBW  devices  to  (adsorbed)  foreign  materi¬ 
als  as  a  detection  mechanism.  SAW  and  conventional 
bulk-wave  devices  have  been  employed  or  considered 
as  sensors  for  chemical  analysis ,  gas  ehromotography, 
air-pollution  monitoring,  and  the  detection  of  hazard¬ 
ous  vapors.  12,13  SSBW  devices  may  offer  increased 
sensitivity  in  some  of  these  applications,  and  per¬ 
haps  allow  greater  flexibility  in  the  use  of  selective 
chemical  absorbents  without  quenching  the  wave. 
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Abstract 

The  paper  describes  the  sensitivity  of  SAW 
oscillators  to  external  thermal  and  mechanical 
perturbations.  It  is  known  that  the  sensitivity 
results  from  the  non  linear  elastic  behavior  of 
the  crystal  which  couples  the  surface  wave  to  the 
static  bias.  The  method  which  is  used  consists  in 
calculating  the  static  bias  in  the  thin  plate 
approximation  by  means  of  Mindlin's  polynomial  me¬ 
thod  and  then  in  calculating  the  non  linear  cou¬ 
pling  coefficients.  The  frequency  shift  is  ob¬ 
tained  by  using  a  perturbation  method  which  takes 
into  account  the  surface  wave  penetration  deepth. 
Three  types  of  sensors  are  studied  :  temperature, 
force  and  pressure. 

-  The  temperature  probe  is  made  of  a  doubly- 
rotated  quartz  plate  which  has  at  the  same  time 
high  sensitivity  and  good  linearity. 

-  The  influences  of  bending  and  uniaxial 
forces  on  rectangular  quartz-plates,  and  of  dia¬ 
metrically  applied  forces  on  circular  plates  as  a 
function  of  the  azimuthal  angle  are  studied. 

-  The  sensitivity  to  hydrostatic  pressure 
is  studied  in  the  cases  of  bulky  plates  and  of  a 
thin  diaphragm.  If  bulky  plate  sensitivity  is 
small,  the  diaphragm  exhibits  very  large  frequen¬ 
cy  shifts. 

Introduction 

The  characteristics  of  surface  acoustic  wa¬ 
ves  are  modified  by  external  effects  as  temperatu¬ 
re  and  mechanical  perturbations,  i.e.,  forces, 
pressures,  acceleration  fields.  Such  sensitivity 
is  almost  entirely  due  to  the  non  linear  elastic 
properties  of  the  crystal.  Usually  those  phenome¬ 
na  are  unwanted  in  stable  SAW  oscillators,  becau¬ 
se  they  are  at  the  origin  of  the  main  causes  of 
frequency  instabilities.  However  they  can  advanta¬ 
geously  be  used  for  sensor  applications,  if  the 
SAW  is  made  selectively  sensitive  to  a  given 
physical  quantity,  the  measurement  of  which  thus 
is  transposed  into  frequency  measurement.  High 
resolution  can  be  obtained,  because  frequency  mea¬ 
surements  are  the  most  accurate  ones. 

In  the  present  paper  thermal  and  mechanical 
effects  are  considered  as  quasistatic  effects,  in 
account  of  their  large  time  constants  with  res¬ 
pect  to  that  one  of  the  high  frequency  wave.  The 


temperature  distribution  is  supposed  to  be  homoge¬ 
neous  in  the  all  volume,  and  therefore  the  ther¬ 
mal  behavior  is  represented  by  a  static  frequency- 
temperature  characteristic  which  is  related  Jo 
the  temperature  coefficients  of  the  material  . 
The  dynamic  thermal  behavior  of  the  crystal  is 
neglected.  Under  mechanical  perturbations  stress 
and  strains  fields  are  induced,  which  are  func¬ 
tion  of  the  applied  surface  and  volume  forces. 
The  static  bias  and  the  wave  are  coupled  by  the 
non  linear  properties  of  the  crystal  which  in 
the  problems  here  considered  are  the  third  order 
elastic  terms.  The  static  deformation  is  calcu¬ 
lated  by  using  Mindlin's  polynomial  expansion 
and  the  corresponding  velocity  and/or  frequency 
shifts  qre  obtained  by  means  of  a  perturbation 
method  ’  . 

Temperature  sensor 

The  anisotropy  of  quartz  crystal  enables  to 
modify  the  frequency-temperature  characteristic 
(F-T)  by  choosing  appropriate  crystal  orientation 
(cut  angles  $  and  6  defined  following  the  IEEE 
notation  YX  /  8)  and  the  propagation  direction 
(angle  with  respect  to  the  modified  OX  axis). 
This  characteristic  is  represented  by  the  well- 
known  relation 

f (T)  =  f(To)  [1  +  41)(T-To)  +  af2)(T_To)J 

+  ap)(T-To)*]  (1) 

where  ,  and  ai3^  are  the  first,  second 

and  third  order  temperature  coefficients  (T.C.'s) 
measured  at  the  reference  temperature  T  .  The  ide¬ 
al  characteristic  of  a  temperature  sensor  will 
correspond  to  zero  second  and  third  order  T.C.'s 
and  simultaneously  to  a  first  order  one  as  large 
as  possible.  In  this  case  the  device  will  have  at 
the  same  time  good  linearity  and  sensitivity. 

The  frequency  shifts  versus  temperature  of 
SAW  oscillators  were  calculated  for  a  large  num¬ 
ber  of  quartz  cuts  with  different  propagation 
directions6.  Among  different  configurations  with 
properties  corresponding  to  the  above  specifica¬ 
tions  a  cut  was  selected  (considerations  of  cou¬ 
pling  factor,  power  flow  angle  are  also  to  be 
taken  into  account)  as  shown  on  fig.  1  (this  cut 
was  called  LST  cut),  and  corresponds  to  <t>  = 
11°24' ,  e  =  59°24 '  and  ii  =  35°.  The  calculated 
velocity  is  3360  m/s.  The  T.C.'s  are 
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A..  .  =  C.,  .  +  H 

lkjm  lkjm 


(5) 


*  40  ppm/°Cy  =  -4.10  ppm/°CJand 
a^(3)  =  -3.10  ppm/°c’.  In  fact  it  appears  that 
the  value  of  the  third  order  T.C.  is  certainly 
without  any  meaning  because  of  the  lack  of  preci¬ 
sion  at  this  order  in  the  knowledge  of  the  funda¬ 
mental  coefficients. 

The  electromechanical  coupling  factor  is 
equal  to  0.09  %  and  power  flow  direction  angle  is 
-3.3°. 


Experimentally  the  selected  cut  was  tested 
over  a  temperature  range  from  -25°C  to  100°C.  The 
characteristic  is  shown  on  fig.  2.  At  a  reference 
temperature  of  25°C  the  measured  frequency  is 
equal  to  93.15  MHz  and  corresponds  to  a  phase 
velocity  of  3356  m/s.  The  corresponding  T.C.'s 
obtained  from  the  experimental  F-T  characteristic 
are  : 

«j.X)  *  31  ppm/°C  and  aj.2)  *  -2.10-3  ppm/°Cl 

Tljp  sensitivity  of  the  probe  is 
3.2  10  °C/Hz  and  the  measured  linearity  defect 
is  about  0.1°C  for  the  range  -25°C,  +75°C. 

If  one  considers  that  the  SAW  oscillator 
using  such  a  del|^  line  ha^an  intrinsic  stabili¬ 
ty  between  3.10  and  10  over  a  few  seconds, 
resolutions  in  temperature  measurement  of  the  or¬ 
der  of  10  p °C  to  30  p°C  can  be  obtained. 

On  the  other  hand,  the  planar  structure  of 
the  probe,  as  shown  on  fig.  3,  enables  to 
achieve  faster  response  time  by  using  the  lower 
crystal  surface  as  sensitive  surface. 

Velocity  shifts  under  mechanical  perturbation 


ikjm 


_  Generally,  the  non  linear  coupling  terms 

Hikim  are  funct*on  the  space  variable  a^.  The 
unperturbated  wave  components  u^  for  the  Rayleigh 
wave  can  be  written  : 
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p=l 


><P> 


iuo(t_ 

e  e 


ai+B  a„ 


(6) 


with  x  =  w  a  /  v  .  6  and  a  are  the  real  and 
imaginary  parti*  of  °the  ^  complex  deepth  coeffi¬ 
cients  q  . 

P 


Although  the  wave  penetration  deepth  is 
small,  it  is  not  possible  to  consider  the  non 
linear  coupling  term  -m  only  at  the  free  surfa¬ 
ce.  The  calculations  naIS|mto  take  into  account  the 
functionnal  dependence  of  H  along  ^he  plate 
thickness  by  using  a  polynomial-1  expansion  : 


z —  _  v  r  <n)  n 

ikjm  “  ikjm  a2 


(7) 


These  coefficients  are  considered  as  small  terms 
with  respect  to  the  second  order  elastic  cons¬ 
tants  C.j.  .  Thus  a  perturbation  method  can  be 
directly1  applied  and  leads  to  the  relative  veloci¬ 
ty  shifts  for  a  Rayleigh  wave  : 
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The  elastic  equations  of  a  finite  amplitude 
wave  propagating  in  a  medium  of  specific  mass  p  , 
submitted  to  a  mechanical  bias  c^n  be  written 
with  respect  to  the  natural  state  a^,  : 


This  equation  is  general  and  can  be  used 
whatever  the  perturbation  is.  For  each  particular 
problem  the  static  stress  and  strain  distribution 
will  be  calculated. 


P0  ui  =  <* 


ikjm  uj ,m^ ,k 


(2) 


The  boundary  conditions  corresponding  to  a  stress 
free  surface  are  : 


A.,  ,  u .  =0  for  a.  =  0 

ikjm  j,m  2 


(3) 


The  coefficients  A..  .  represent  the  non 
linear  coupling  between  the  static  deformation 
and  the  high  frequency  wave.  They  are  related  to 
the  static  components 


ikjm 


—  C . ,  ,  +  i .  .  T.  +  C„  S 

ikjm  °ij  km  lkjmuv  uv 


+  C  ,  .  U,  +  8.,  v, 
pkjm  i,p  lkpm  j,p 


(4) 
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Following  Mindlin 
ness  2h_  are  considered, 
ments  are  written  : 
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if  thin  plates 
the  mechanical 


of  thick- 
displace- 


(9) 


The  corresponding  strains  and  stresses  are  deve- 
lopped  the  same  way  : 


s[")  =  tt/2)[u[n|  +  U(n|  +  (n  +  1) 

y  >  .J;2I  r  *'> 


(10) 


where  5 


ij 


is  the  Kronecker  symbol. 


Then  strain-stress  relations  become  : 


where  C...  and  C..  ,  are  the  second  and  third 
order  elastic  constants,  and  (JT  the 
static  stresses,  strains  anS  displacement^13 gra¬ 
dients. 


They  can  be  presented  as  modified  elastic 
constants  following 


s;(n) 

ij 


"  Cijkfc 


l  H 


~(m) 

Ski 


(11) 


where  H  is  a  constant  .equal  to  zero  if  m+n  is 
, ,  _  .inn  .  ,  \ m+n+l ) .  ~  . 

odd  and  equal  to  2h  if  m+n  is  even. 
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Sensitivity  to  external  forces 
Bending  forces 

A  rectangular  plate  of  length  L,  clamped  on 
one  end  and  submitted  to  a  bending  force  F  distri¬ 
buted  on  the  other  end  is  represented  by  a  bi- 
dimensional  model  in  the  plane.  The  edge 
conditions  are  :  L  ° 


=  U1(2  at  ax  =  a 
T12  =  F  at  al 


(L  is  the  plate  length) 


(12) 


The  static  displacements  field  is  : 

"I=-K  tC22  C66  a2  ai  +  (312  +  CU  C66>  4^ 

U2  =  K  tC22  C66  al^3  +  hI  ^12  +  C12C66  al 

=  0  (13) 

with  K  =  3F/4hs  C66  C|2  and  C»2  =  Cfe  - 


Fig.  4  shows  the  calculated  sensitivities 
of  singly  rotated  quartz  cuts  as  a  function  of  0. 
Y  and  ST  cuts  were  measured  and  their  force- 
frequency  coefficients  are  compared  to  the  theore¬ 
tical  evaluations  in  table  I.  The  SAW  is  propaga¬ 
ting  along  OX  at  88  MHz  (L  =  17  mm,  2h  =  2  mm  and 
width  =  15  mm). 


sensitivity  Hz/N 

measured 

calculated 

ST,X 

1140 

1200 

Y,X 

740 

930 

Table  I 


Axial  forces 


The  rectangular  plate  is  submitted  to  an 
axial  force.  Conditions  at  the  clamped  end  are 
the  same.  On  the  other  end  they  become  : 


The  displacement  field  is  easily  obtained 
and  corresponds  to  an  homogeneous  distribution  : 


”l  =  K  °22  ai 
«2  =  "K  C12  a2 


u3  =  o 

with  K  =  F/2h  C  ^ 


(14) 


Theoretical  sensitivities  for  singly  rota¬ 
ted  cuts  are  presented  on  fig.  5.  They  are  also 
compared  to  the  experimental  values  measured  on 
ST  and  Y  cut  quartz  plates,  in  table  II. 


sensitivity'  (Hz/N) 

measured 

calculated 

ST,X 

58 

54 

Y.X 

90 

45 

Table  II 


The  discrepancy  between  theory  and  experiment  in 
the  case  of  Y  cut  is  large  and  is  attributed  to 
lack  of  precision  in  the  mechanical  set  used  for 
applying  the  force. 

Diametrically  applied  forces  on  circular  plates 

A  circular  plate  of  thickness  2h  and  diame¬ 
ter  D  is  submitted  to  diametrically  applied  for¬ 
ces.  The  stress  distribution  is  purely  radial  and 
exact  solutions  can  be  calculated  even  in  the 
case  of  anisotropic  bodies0  as  a  function  of  tne 
force  azimuthal  angle  a 

Figure  6  shows  the  force  sensitivities  of  a 
SAW  propagating  along  the  0a1  axiB  of  the  circu¬ 
lar  plate  versus  a  .  Calculations  are  performed 
for  ST  and  Y  cuts  and  compared  with  measured 
values  of  Y  cut.  The  SAW  propagation  direction  is 
along  the  X-axis  (noted  a.  on  the  figure).  Plate 
diameter  is  40  mm  and  thickness  2h  is  2  mm. 

The  values  a  =  0°,  90°  correspond  to  a 
maximum  of  sensitivity,  for  both  cuts,  and  are 
appropriate  for  sensor  applications.  But  it  can 
be  also  observed  that  for  a  =  45°,  135°  (Y  cut) 
and  a  *  50°,  130°  (ST  cut),  the  sensitivity 
becomes  zero  and  therefore  such  angles  can  be 
used  for  desensitizing  the  SAW  to  spurious  moun¬ 
ting  influence  in  the  case  of  stable  oscillators. 

Sensitivity  to  hydrostatic  pressure 

The  sensitivity  of  SAW  delay  line  to  hydro¬ 
static  pressure  is  generally  small.  Indeed, 
strains  and  stresses  field  are  homogeneous  in  the 
all  volume  of  the  crystal  plate.  For  a  plate  (of 
thickness  2h)  fixed  at  its  lower  surface,  the 
static  displacements  due  to  the  application  of  a 
uniform  pressure  P  arey  : 


U1  =  -P  f°lal  +  2o6  (a2+2h^  +  °5a3^ 

~2  =  -o2P  (a2  +  2h)  (15) 

S  =  -P  (°5al  +  2a4  (a2  +  2h)  +  '3a3] 
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with  o.  =  l  s  .  i  =  1  to  6  ; 

1  0=1  1J 

s. ,  are  the  stiffness  constants, 
ij 

The  corresponding  strains  can  be  written  : 


Figure  7  shows  theoretical  and  experimental 
frequency  shifts  of  a  ST-cut  quartz  SAW  oscilla¬ 
tor  at  105  MHz  submitted  to  hydrostatic  pressure 
from  0  to  35  PSI.  The  sensitivity  is  about  25 
Hz/PSI  and  is  rather  low  for  sensor  applications. 

As  already  presented10’11,  a  thin  anisotro¬ 
pic  plate  clamped  at  its  edges  and  submitted  to  a 
pressure,  is  deformed  by  an  important  bending. 
The  sensitivity  can  still  be  increased  by  using  a 
thin  circular  diaphragm. 

For  describing  such  an  anisotropic  dia¬ 
phragm  stiffly  clamped  all  around, a  three-dimen¬ 
sional  model  is  necessary.  In  account  of  the 
difficulty  to  solve  it  directly,  the  problem  was 
splitted  into  two  parts  : 

-  a  cross  section  in  the  a^a,,  plane,  normal 

to  the  main  surfaces  of  the  diaphragm,  is  first 
considered,  with  the  boundary  conditions  =  0 
at  a  =  0i_^2&-=  p  at  a2  =  -2h  ant*  t*le  et*ge 
conditions  =»  u.  =  0"^  =  0  at  a„  =  0  and  a1  = 

JR.  The  stress  ana  strain  distribution  are  easily 
calculated  in  this  bi-dimensiopal  problem  by 
using  the  polynomial  method. 

-  then  the  solutions  are  transposed  to  any 
cross-section  normal  to  the  main  surfaces  (fig. 
8).  The  stress  and  strain  distributions  are  calcu¬ 
lated  at  a  point  M  whatever  its  position  is  in 
the  cross  section.  By  superposing  at  the  point  M 
the  solutions  corresponding  to  the  all  possible 
cross  sections  (this  is  equivalent  to  performing 
an  integration  over  360°)  the  total  stresses  and 
strains  are  obtained  at  the  point  M. 

The  perturbation  method  gives  the  correspon¬ 
ding  pressure-sensitivity  at  a  point  of  the  surfa¬ 
ce.  The  mean  (and  true)  sensitivity  is  obtained 
by  averaging  over  the  path  length  (  S)  and  over 
the  beam  width  (w)  given  by  the  transducer  loca¬ 
tion  and  geometry  (fig.  9). 

Fig.  10  gives  the  pressure-sensitivity  for 
a  Y-cut  of  quartz  as  a  function  of  the  mean 
position  of  the  transducers  on  the  a3  axis.  The 
diaphragm  thickness  is  246  |in  and  itsaiameter  is 
10  mm.  The  nominal  oscillator  frequency  is  105 
MHz. 

For  w  =  1,5  mm,  three  experimental  points 
have  been  obtained  and  the  calculation  is  in  good 
agreement  with  them.  At  the  center  of  the  dia¬ 
phragm  (a3  =  O),  the  sensitivity  is  1.4  KHz/PSl 
and  is  almost  the  opposite  of  that  one  at  =  a 
mm.  Using  this  property,  dual  channel  sensor  with 
a  sensitivity  twice  as  large  has  been  built  12. 

The  differential  device  also  enables  to  de¬ 
crease  largely  the  temperature  influence  by  com¬ 


pensating  effect.  The  temperature  coefficient  of 
a  clamped  diaphragm  is  larger  than  the  corres¬ 
ponding  TC  of  a  free-to- expand  plate  (2.5  KHz/°C 
for  a  Y-cut  diaphragm)  as  calculated  by  conside¬ 
ring  a  circular  plate  submitted  to  axial  forces 
distributed  along  its  periphery.  It  is  possible 
to  choose  a  particular  cut  for  avoiding  this 
effect9,  but  the  easiest  solution  is  to  use  two 
channels  which  reduce  the  frequency-temperature 
shifts  within  1  KHz  over  a  temperature  range  from 
-40°C  to  +80°C. 

The  influence  of  the  quartz  anisotropy  was 
also  studied.  On  fig.  11  are  presented  the  sensi¬ 
tivities  of  two  doubly  rotated  cuts  with  zero 
first  order  temperature  coefficients.  They  can  be 
compared  with  Y  and  ST  cut  sensitivities  given  on 
the  same  figure.  All  these  four  sensitivities 
correspond  to  a  thickness  over  diameter  ratio 
normalized  to  unity. 

Conclusion 

SAW  delay  lines  and-  resonators  can  advanta¬ 
geously  be  used  as  sensors  in  account  of  their 
large  sensitivities  and  also  of  their  high  fre¬ 
quencies,  which  allow  small  sizes.  The  lineari¬ 
ties  which  could  be  achieved  are  still  to  be 
precized.  The  second  advantage  of  SAW  sensors  is 
related  to  their  planar  structure,  which  can  be 
held  and  mounted  easily,  and  designed  for  the 
best  thermal  and  mechanical  characteristics. 
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Fig.  3  :  Configuration  of  the  SAW  1ST  temperature 
sensor. 


Fig.  4  :  Sensitivity  versus  9  of  a  SAW  propagating 
on  a  Y+eo  rectangular  quartz  plate 
clamped  on  one  end  and  submitted  to  a 
bending  force  on  the  other  end. 


Fig.  5  :  Sensitivity  versus  e  of  a  SAW  propagating 
on  a  Y+9o  rectangular  quartz  plate 
clamped  on  one  end  and  submitted  to  an 
axial  force  on  the  other  end. 
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Fig.  6  :  Sensitivity  of  a  SAW  propagating  on 
circular  Y,  X  and  ST,X  quartz  plates 
submitted  to  diametrically  applied  forces 
of  azimuthal  angle  a. 
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Fig.  10  :  Sensitivity  of  the  pressure  sensor  as  a 
function  of  the  position  of  the  trans¬ 
ducers. 
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Fig.  11  :  Sensitivities  of  singly  rotated  Y,  ST, 
and  doubly  rotated  (20°,  62°5)  and 
(10°,  47°)  cuts. 
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Abstract 

The  results  are  reported  of  a  survey  con¬ 
ducted  to  assess  the  useful  lifetime  perfor¬ 
mance  of  Cesium  Beam  Frequency  Standards.  The 
source  sample  includes  organizations  which 
operate  Cesium  Beam  Frequency  Standards  in 
support  of  timekeeping,  space  tracking,  com¬ 
munications,  navigation  and  calibration. 

Also,  presented  is  an  analysis  of  the 
lifetimes  of  various  Cesium  Beam  Tubes,  the 
major  component  within  the  Cesium  Beam  Fre¬ 
quency  Standard.  The  data  for  this  analysis 
are  taken  from  the  records  of  the  Hewlett- 
Packard  Company. 


Introduction 

The  review  of  Cesium  Beam  Frequency 
Standard  performance  in  field  operation  was 
undertaken  to  provide  a  statistical  base  for 
sound  planning  and  programming  of  future  oper¬ 
ational  requirements  and  to  provide  visibility 
of  maintenance/repair  requirements. 

The  information  presented  in  this  paper  is 
the  result  of  the  joint,  yet  separate  efforts, 
of  the  U.S.  Naval  Observatory  and  Hewlett-Packard 
Company. 

a.  The  U.S.  Naval  Observatory  portion  is 
based  on  the  results  of  the  response  to  a 
questionnaire,  which  was  sent  to  addresses 
selected  at  random  from  the  U.S.  Naval  Observ¬ 
atory  mail  list. 

b.  The  Hewlett-Packard  portion  is  based  on 
the  result  of  an  in-house  review  of  the  main¬ 
tenance  service  records  with  regards  to  cesium 
beam  tube  replacement.  The  data  base  includes 
the  entire  population  of  Cesium  Beam  Tubes, 
produced  since  1968  and  used  in  HP  Model  5061A 
and  HP  Model  5062C  Cesium  Beam  Frequency  Standard. 


Field  Survey 

Questionnaire; 

The  questionnaire  (Figure  1)  used  hy  the  U.S. 
Navy  Observatory  included  provisions  for  the 
following  information: 

1.  Reporting  Activity: 

2.  Control  No:  -  Admin  Control 

3.  Model  No. 

4.  Serial  No. 

_5.  Service  Date  -  Initial  date  placed  in 
service  (new  or  after  repair) 

6.  Failure  Date  -  Date  of  fault  reported 

7.  Repair  Date  -  Date  of  repair  of  reported 

fault 

8.  Application 

9.  Fault  Location 

Responses  to  questionnaire  were  received  from 
a  cross  section  of  the  international  time/frequency 
community  to  include  elements  of  communications, 
navigation,  satellite  tracking,  calibration  and 
national  standards  laboratories. 

Of  the  ninety-one  questionnaires  mailed, 
thirty-eight  responses  were  received  as  of  7  May 
1980.  Of  these,  twenty-six  provided  useful  in¬ 
formation  on  a  total  of  seventy-four  cesium-beam 
oscillators  (HP  5061).  No  other  model  is  covered 
in  the  current  field  survey  report. 

Results. 

Though  relatively  small,  this  sample  reveals 
some  interesting  data.  First  a  look  at  the  number 
of  failures  against  time  (Figure  2) .  Note  the  age 
of  the  oldest  reported  oscillator  is  a  bit  over 
twelve  years.  The  other  notable  items  on  this 
graph  is  the  high  initial  failure  rate  which  is 
again  matched  in  the  third  year.  Then  it  tends  to 
taper  and  level  off  at  around  five  failures  per 
year. 

The  plot  of  failures  by  type  module  (Figure 
3)  reveals  that  the  high  non-performers  are  the  A2 
battery  charger,  A9  Operational  Amplifier  and  the 
A12  cesium  beam  tube.  However,  with  a  larger 
sample  these  rankings  may  change. 
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The  cesium  beam  Cube  total  may  be  out  of 
proportion  yet  realistic  because  better  records 
both  maintenance  and  procurement  are  available  on 
high  dollar  items.  While  the  less  expensive  items 
may  be  routinely  processed  through  maintenance  and 
procurement  channels. 

Another  highlight  is  the  other  category 
which  included  A16  Clock  Assembly,  A17  Terminal 
Board,  A18  +3500  VDC  power  supply,  A19  -2500  VDC 
power  supply  and  other  stoppages. 

The  Phase  Detector  module  A8  appears  to  be  the 
most  reliable,  note  that  no  failures  were  reported 
for  this  module. 

The  cost  of  the  modules  and  module  identifi¬ 
cation  are  shown  for  information  (Figure  4). 

There  is  no  apparent  relation  between  cost  and 
failures  or  reliability.  In  one  case  the  high 
cost  item  was  the  item  on  which  the  failure 
reports  were  also  high.  The  A2,  A9  and  A12 
failures  are  presented  on  the  next  thre^  plots. 

For  the  A12,  Cesium  Beam  Tube  (Figure  5),  it 
appears  that  after  the  initial  failures,  there  is 
a  year  or  two  of  low  failure. 

I  suspect  that  the  third-year  lump  is  due  to 
the  new  high  performance  tubes  and  the  second  lump 
at  five  years  is  the  regular  tube. 

The  A2,  battery  charger  (Figure  6),  appears 
to  suffer  the  high  initial  failure  and  like  the 
A12  cesium  beam  tube,  it  then  enjoys  a  year  of  low 
failures  and  increases  in  second  and  third  years. 
After  the  middle  of  the  fourth  year  there  were  few 
significant  failures. 

The  A9  Operational  Amplifier  (Figure  7), 
seems  to  have  a  rather  flat  failure  rate  still 
loaded  toward  the  early  years. 

The  plot  of  Other  Failures  (Figure  8) , 
against  time  is  interesting  only  in  that  it  does 
not  show  the  high  initial  rate  and  more  closely 
reflects  the  curve  one  would  like  to  see.  This 
may  be  due  to  the  fact  that  it  is  a  catchall  for 
random  failures.  Note  that  its  peak  in  the  first 
six  months  of  the  fourth  year  lags. 

The  data  presented  has  not  been  averaged. 

It  is  simply  a  tabulation  of  information  collect¬ 
ed.  An  attempt  was  made  to  remove  all  non- 
operational  time  from  the  service  time.  When  a 
module  was  repaired  or  replaced  it  started  as  a 
new  item  with  zero  service  time. 

Cesium  Beam  Tube  Longevity 

This  portion  of  the  paper  will  discuss  the 
Beam  Tube,  the  single  most  expensive  item  within 
the  Frequency  Standard.  The  reliability  and, 
even  more  importantly,  the  lifetime  of  the  beam 
tube  is  of  prime  importance  to  the  user  because  it 
is  a  perishable  item.  The  beam  tube  does,  in 
fact,  have  a  finite  intrinsic  lifetime  due  to  the 
nature  of  the  physics  of  the  device. 


This  analysis  of  the  beam  tube  lifetime  data 
includes  all  of  the  beam  tubes  produced  by  HP  since 
1968,  when  the  5061A  was  first  introduced.  We  will 
not  be  discussing  the  older  5060A  data  since  a 
number  of  users  have  opted  to  replace  older  units 
with  the  5061A.  Because  of  this,  HP  has  not  been 
getting  back  all  of  the  dead  beam  tubes  to  deter¬ 
mine  their  respective  lifetimes.  The  source  of 
the  lifetime  data  is  the  shipment  and  return-for- 
.credit  exchnage  dates  less  an  appropriate  length  of 
time  to  account  for  shipment  time  and  non-use  time 
due  to  delays  in  getting  the  old  beam  tube  back  to 
HP. 

We  will  discuss: 

1.  the  meaning  of  the  curves  we  will  be 
using 

2.  the  definition  of  a  5-7  year  life 

3.  identify  the  3  beam  tubes 

4.  discuss  the  lifetime  and  reliability  of 
each 

5.  the  validity  of  the  data. 

Understanding  the  Curves 

The  format  we  shall  use  for  presenting  the 
data  is  as  shown  in  Figure  9.  We  compare  the  per¬ 
centage  of  beam  tubes  returned  vs  the  age  of  the 
tube.  The  curve  is  cumulative  and,  therefore,  we 
would  expect  it  to  eventually  get  to  1002.  The 
question  is  how  long  before  it  gets  there.  The 
curves  do  represent  the  entire  population  of  tubes 
and,  therefore,  include  all  failures  whether 
catastrophic  or  normal  end  of  life.  The  curves  on 
the  high  performance  tube  also  includes  a  number  of 
tubes  whose  oven  temperatures  were  purposely  turned 
up  to  achieve  even  greater  performance  but  at  an 
acknowledged  decrease  in  lifetime. 

Lifetime  Defined 

The  design  life  f.or  most  beam  tubas  is  5-7 
years.  This  is  a  compromise  between  longevity  and 
superior  performance.  We  could  turn  up  the  temper¬ 
ature  of  the  beam  tube  and  improve  its  performance 
but  likewise  shorten  the  lifetime.  For  most  appli¬ 
cations,  5-7  years  with  an  acceptable  safety  margin 
is  the  standard.  We  might  expect  -  for  an  ideal 
design  (dashed  line  Figure  9)  to  have  no  failures 
in  the  1st  5  years.  At  the  end  of  7  years  perhaps 
502  would  have  died  and  the  remaining  502  would  die 
in  greater  than  7  years.  However,  due  to  the 
randomness  of  any  manufacturing  process  -  we  expect 
a  low  percentage  of  beam  tubes  dying  before  5 
years.  An  estimate  of  42/year  might  be  appropriate 
resulting  in  a  curve  which  moves  upward  by  202  as 
shown  in  Figure  9  (solid  line). 

Cesium  Beam  Tube  Characteristics 

The  cesium  beam  tube  is  a  precision  manu¬ 
factured  device  requiring  very  tight  tolerances  and 
stringent  requirements  for  cleaningness.  The  3 
beam  tubes  we  shall  discuss  are  shown  in  Figure  10: 
the  mini  tube,  high  performance  and  standard  tubes. 
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Figure  11  shows  Che  components  of  Che  5062 
mini  Cube  as  an  example  of  Che  physical  make-up 
of  cesium  beam  cubes.  The  key  components  are  Che 
oven,  state  selector  magnets,  interactive  cavity, 
ionizer,  electron  multiplier  and  the  mass  spectro¬ 
meter.  Other  important  components  not  shown  are 
the  Vac  Ion  Pump  and  Getterlng  Material. 

5062C  Mini  Tube 

The  5062C  Mini  Cesium  Beam  tube  uses  12 
beams  of  cesium  and  a  very  short  interactive 
cavity  with  sufficient  cesium  and  getting  to 
last  significantly  longer  than  the  5  to  7  year 
design  life.  Figure  12  shows  the  actual  life 
characteristics  for  those  tubes  shipped  between 
1974  and  June  1977.  In  early  1977  we  experienced 
a  higher  level  of  returns  due  to  low  beam  current 
tube.  From  the  failure  analysis  we  determined  the 
cause  to  be  the  electron  multiplier.  Due  to  the 
high  level  of  beam  flux  the  gain  of  the  electron 
multiplier  degraded  rapidly  causing  death  of  the 
tube. 

Owners  of  the  instruments  were  informed 
thaC  the  Electron  Multiplier  Voltage  and  Cesium 
Oven  Temperature  needed  to  be  turned  down.  As  a 
result  of  that  turn-down  and  a  later  retrofit  of 
some  electronics,  the  beam  tube  life  was  extended 
such'  that  44%  of  those  early  tubes  are  still  in  an 
operational  status.  After  June  of  1977  the  in¬ 
struments  shipped  from  the  factory  included  the 
turndown  as  well  as  the  new  electronics.  Approxi¬ 
mately  a  factor  of  2  improvement  in  lifetime  was 
achieved  as  shown  by  the  second  curves.  February 
1978  marked  the  first  shipment  of  beam  tubes  from 
the  newly  rennovated  clean  room  facility.  The 
resultant  change  in  lifetime  performance  is 
dramatic  as  shown  by  the  bottom  curve. 

High  Performance  Beam  Tube 

The  next  beam  tube  we  will  look  at  is  the 
high  performance  5061A  Option  004.  This  tube  was 
specifically  designed  with  a  longer  interactive 
cavity,  higher  beam  flux  (using  dual  beams)  and 
greater  getterlng  capacity  than  the  standard  tube. 
Its  purpose  is  to  be  more  accurate  and  have  great¬ 
er  short  term  time  domain  stability  than  previous¬ 
ly  available  frequency  standards.  Its  design  life 
was  also  5  to  7  years  with  a  large  design  safety 
margin.  I  might  point  out  that  it  is  also 
possibly  to  turn  up  the  oven  temperature  in  a 
standard  beam  tube  to  get  improved  performance  but 
with  significantly  shorter  lifetime.  The  Hewlett- 
Packard  High  Performance  Cesium  Beam  Tube  was 
specifically  designed  for  improved  performance 
without  significantly  lower  life. 

Figure  13  shows  the  early  tube  data. 

During  the  1977-74  timeframe  we  experienced  a 
number  of  early  failures  due  to  the  cesium  oven. 
This  discovery  resulted  in  an  oven  redesign.  The 
beam  tubes  that  did  make  it  past  the  early 
problems  have  led  useful  and  productive  lives  and 
after  5  1/2  years  there  are  still  more  than  45% 
operating. 


The  oven  redesign  resulted  in  a  better  life¬ 
time  characteristic  in  the  middle  curve.  The 
bottom  curve  shows  the  data  for  the  beam  tubes 
produced  after  the  clean  room  facilities  were  ren¬ 
novated.  Again  the  same  type  of  improvement  that 
we  had  for  the  5062C  tube. 

Standard  5061A  Cesium  Beam  Tube 

Let  us  now  turn  to  the  standard  5061A  cesium 
beam  tube  data  to  see  how  it  has  performed  over  the 
years.  This  beam  tube  is  also  in  a  16"  long  enve¬ 
lope  like  the  HP  Option  004  high  performance  tube 
or  rather  just  the  reverse  since  the  standard  tube 
was  first  introduced  in  the  HP  5060A  in  1964. 

The  standard  HP  5061A  beam  tube  life  charac¬ 
teristic  is  interesting  because  it  has  a  reputation 
in  the  industry  which  sets  it  apart  from  all  other 
beam  tubes  regardless  of  manufacturer.  The  data  on 
this  graph  explains  why  it  has  that  reputation. 

This  graph  shows  the  beam  tubes  produced  between 
April  1968  and  November  1971.  After  10  years  there 
are  still  over  50%  operational. 

As  we  examine  Figure  14  we  might  question  the 
validity  of  the  data.  The  owner  of  the  5061A, 
whose  beam  tube  has  failed,  will  normally  return 
the  old  tube  for  credit  to  keep  his  cost  to  a  mini¬ 
mum.  However,  a  certain  number  of  owners  may  not 
return  the  dead  beam  tube.  Perhaps  they  want  to 
put  it  on  display,  take  the  instrument  out  of 
service,  or  even  take  the  beam  tube  apart.  We 
estimate  that  fewer  than  5  to  10%  of  the  beam  tubes 
would  fall  into  this  category.  Adding  to  the 
validity  of  this  data  we  find  a  number  of  tubes 
from  this  batch  whose  lifetime  has  actually  been 
10,  11  and,  in  several  cases,  12  years.  The  data 
obtained  directly  from  the  user3  and  presented 
earlier  in  this  paper  supports  this  data. 

The  middle  curve  shows  those  tubes  produced 
between  November  1971  and  June  1974 .  This  partic¬ 
ular  batch  has  a  little  higher  rate  in  the  early 
years  but  crosses  over  in  the  5  3/4  year  point. 

The  last  curve  shows  more  recent  tube 
history.  It  appears  that  the  curves  for  the  stand¬ 
ard  tubes  are  fairly  consistent  with  minor  varia¬ 
tions. 

As  you  can  see  from  the  data  for  this  tube, 
which  was  designed  for  a  5  to  7  year  lifetime,  it 
has  not  only  exceeded  our  wildest  expectations  but 
has  deomonstrated  a  lifetime  in  excess  of  10  years 
for  a  large  percentage  of  users. 

Conclusion 

The  data  on  the  cesium  beam  tubto  has  shown 
us  some  very  interesting  results.  The  standard 
beam  tube  life  is  exceptional.  The  high  perfor¬ 
mance  and  the  mini  tube  are  performing  as  expected 
for  a  5-7  year  design  life  -  now  that  early  prob¬ 
lems  are  solved. 
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Figure  1  :  Cesium  Beam  Frequency  Standard  Performance  Questionnaire. 


Figure  2  :  Total  Failures  Reported  vs  Time.  Figure  3  :  Module  Failures. 
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REPORTED  FAILURES 


Figure  5  :  A12  Cesium  Beam  Tube  Failures. 


LIFE  CHARACTERISTICS  OF  CESIUM  ISAM  TUtES 


Figure  9  :  Ideal  5-7  year  life  Characteristics  of 
Cesium  Beam  Tubes. 
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Figure  11:  Cesium  Beam  Tube  interval  components. 


Figure  10:  Cesium  Beam  Tube  Characteristics. 


LIFE  CHARACTERISTICS  OF  LIFE  CHARACTERISTICS  OF  HIGH  PERFORMANCE 

HPS062C  CESIUM  BEAM  TUBES  HPS061A  CESIUM  BEAM  TUBES 


Beam  Tubes.  HP  5061A  Cesium  Beam  Tubes. 


LIFE  CHARACTERISTICS  OF  STANDARD 


AGE (YEARS) 

Figure  14:  Life  Characteristics  of  Standard  HP  5061A  Cesium  Beam  Tubes. 
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INITIAL  TEST  RESULTS  OF  USNO  GPS  TIME  TRANSFER  UNIT 
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Summary 

The  U.  S.  Naval  Observatory  (USNO),  as  part 
of  its  mission  in  the  field  of  Precise  Time  and 
Time  Interval  (PTTI) ,  is  vitally  interested  in  the 
development  of  new  concepts,  techniques,  and  equip¬ 
ments  for  the  generation  and  dissemination  of  PTTI. 
The  advent  of  the  Global  Positioning  System  (GPS), 
with  its  predicted  capability  for  time  tiansfers 
on  a  worldwide  basis  to  the  ten-nanosecond  level, 
promises  to  be  a  vehicle  for  unprecedented  improve¬ 
ments  in  worldwide  timekeeping. 

The  USNO  secured  funding  and  coodlnated  an 
effort  to  build  a  GPS  receiver  for  time  transfer. 
The  GPS  Time  Transfer  Unit  (GPS/TTU)  that  was  the 
result  of  these  efforts  was  initially  tested  in 
late  1979  and  was  found  to  perform  well  within  the 
±  100  nanosecond  range  required  in  the  procurement 
specification.  Additional  testing  at  the  USNO  was 
conducted  to  verify  the  relationship  between  Coor¬ 
dinated  Universal  Time  (UTC)  and  GPS  time  and  to 
evaluate  the  performance  of  the  satellites  as  ve¬ 
hicles  for  time  transfer.  The  data  being  gathered 
are  being  made  available  via  an  automated  data 
link  to  anyone  interested.  Analysis  of  the  data 
gathered  to  date  has  revealed  several  areas  of  un¬ 
certainty  that  must  be  resolved  if  the  system  is 
to  be  used  to  its  fullest  potential.  Improvements 
to  the  GPS/TTU  to  enhance  its  operation  are  also 
being  planned. 

Introduction 

This  paper  will  deal  specifically  with  the 
description,  testing  and  evaluation  of  the  perfor¬ 
mance  of  the  GPS/TTU  and  an  evaluation  of  GPS  as  a 
means  of  time  transfer  at  the  present  time.  A 
brief  description  of  the  GPS  system  is  provided  as 
background  to  aid  in  achieving  some  understanding 
of  the  overall  system.  More  detailed  information 
is  available  in  the  literature.1 

Background 

The  GPS,  as  originally  planned,  was  to  con¬ 
sist  of  a  space  segment  of  twenty-four  satellites 
and  a  ground  segment  of  a  Master  Control  Site 
(MSC)  and  five  or  more  Monitor  Sites  (MS),  one  of 
which  was  to  be  located  at  the  USNO.  The  function 
of  the  monitor  sites  is  to  receive  transmissions 
from  each  of  the  satellites,  referred  to  a  local 
clock,  and  to  retransmit  this  information  to  the 


MCS  over  secure  data  communications  links.  The 
function  of  the  MCS  is  to  correlate  this  informa¬ 
tion  with  other  information,  perform  the  necessary 
calculations  to  determine  current  satellite  per¬ 
formance  parameters  and  upload  this  information  to 
the  satellite  on  a  daily,  or  as  needed,  basis. 

This  upload  provides  current  information  on  clock 
performance,  adjusts  the  clocks  as  necessary  and 
provides  updated  navigation  data.  The  satellites 
were  to  be  equally  distributed  in  three  planes  in¬ 
clined  to  the  equatorial  plane  of  the  earth  by  63° 
and  intersectioning  the  equatorial  plane  at  120° 
intervals. 

Due  to  funding  cutbacks,  present  plans  call 
for  a  space  segment  of  eighteen  satellites.  The 
elimination  of  six  satellites  from  the  system  will 
have  little  adverse  affect  on  PTTI,  since  at  least 
one  satellite  will  always  be  in  view  and  only  one 
is  necessary  for  time  recovery.  Studies  are  pres¬ 
ently  underway  to  determine  the  best  orbital  con¬ 
figuration  for  navigation. 

GPS  Satellite  Signal2 

Data  are  transmitted  from  the  satellites  on 
two  carrier  frequencies,  the  primary  (L.)  is  at 
1575.42  MHz  and  the  secondary  (L„)  is  at  1227.6 
MHz.  The  L^  or  primary  transmission  is  modulated 
by  both  a  precision  (P)  code  and  a  coarse/acquisi¬ 
tion  (C/A)  code  simultaneously.  The  L2  or  second¬ 
ary  transmission  is  modulated  by  either  a  P  or  C/A 
code.  The  data  stream  is  transmitted  at  50  bits 
per  second  and  is  common  to  both  the  F  and  C/A 
codes  on  both  the  L.  and  L,  bands.  All  signals 
are  derived  from  the  same  onboard  clock.  A  com¬ 
plete  data  message  is  a  frame  of  1500  bits  re¬ 
peated  every  six  seconds.  Each  frame  is  divided 
into  five  300-bit  subfrcmes  which  are  further  sub¬ 
divided  into  ten  30-bit  words.  The  first  two 
words  of  each  subframe  contain  telemetry  and  code 
handover  information.  The  last  eight  words  of 
Subframe  1  contain  clock  corrections,  an  age  of 
data  word  and  ionospheric  delay  model  coefficients. 
The  last  eight  words  of  Subframes  2  and  3  contain 
the  space  vehicle's  ephemeris  and  associated  age 
of  data  words.  The  last  eight  words  of  Subframe  4 
contain  an  alphanumeric  message  of  interest  to 
users.  The  last  eight  words  of  Subframe  5  contain 
an  Almanac  (an  abbreviated  version  of  information 
in  Subframes  2  and  3)  for  each  of  the  satellites 
in  the  constellation.  Each  Subframe  5  contains 
information  on  a  single  satellite.  Thus  the  com- 
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plete  Almanac  for  the  entire  satellite  constella¬ 
tion  requires  reception  of  a  sequence  of  frames. 
The  length  of  the  sequence  is  dependent  on  the 
number  of  satellites  in  orbit  with  twenty-four  be¬ 
ing  the  maximum. 

In  order  to  recover  time  relative  to  GPS,  a 
user  must  be  able  to  reliably  receive  the  satel¬ 
lite  signal  and  demodulate  and  decode  the  data 
stream.  Utilizing  this  information,  he  can  calcu¬ 
late  a  corrected  pseudorange,  compare  it  to  a 
pseudorange  measured  against  his  clock,  and  from 
the  difference,  determine  his  clock  difference. 

The  GPS/TTU  described  in  the  following  paragraphs 
was  designed  to  perform  that  function  for  appli¬ 
cation  at  a  fixed,  known  location. 

Time  Transfer  System 

The  Time  Transfer  System  (Figures  1  and  2) 
consists  of  four  major  components  -  the  receiver, 
the  processor,  the  pseudorange  counter  and  the 
software  operating  system.  Only  a  biief  descrip¬ 
tion  of  each  of  these  subsystems  will  be  provided 
as  a  detailed  description  would  be  beyond  the 
scope  and  intent  of  this  paper.  Stanford  Telecom¬ 
munications,  Inc.  (STI)  designed  and  built  the  re¬ 
ceiver,  developed  the  software  and  integrated  the 
computer /receiver /software  system. 

GPS  Receiver 

The  receiver  (Figure  3)  is  a  single  channel, 
spread  spectrum  Doppler  tracking  receiver  capable 
of  tracking  and  decoding  the  C/A  code  on  the  1,- 
frequency.  It  receives  the  signal  (from  antenna 
with  nearly  hemispherical  coverage)  through  a  low 
noise  preamplifier.  Preselective  filtering  in  the 
preamplifier  and  further  filtering  at  the  receiver 
limit  the  effect  of  out-of-band  noise.  The  signal 
is  then  down  converted  to  an  IF  frequency  and  fed 
to  code  loop  and  correlator  which  track  the  C/A 
code  and  despread  the  spread  spectrum  signal.  A 
carrier  tracking  loop  then  demodulates  the  signal 
and  provides  both  C/A  code  epochs  and  navigation 
data  to  detection  and  synchronization  circuits 
which  provide  the  satellite  outputs  to  both  the 
measurement  and  computer  systems. 

Manual  intervention  by  an  operator  is  re¬ 
quired  to  initialize  acquisition  and  tracking  of 
any  satellite  by  the  receiver.  After  the  operator 
has  ascertained  which  satellites  are  visible,  the 
space  vehicle  identication  number  and  an  estimate 
of  Doppler  frequency  are  provided  to  the  receiver 
via  either  front  panel  switches  or  the  system  con¬ 
sole.  From  that  point  on  acquisition  and  tracking 
is  automatic. 

Processor 

The  processor  is  a  Hewlett-Packard  1000  Se¬ 
ries  computer,  Model  20,  with  64k  words  of  semi¬ 
conductor  memory  and  a  memory  based  (RTE-M)  oper¬ 
ating  system.  It  provides  the  means  of  control¬ 
ling,  collecting  and  storing  the  navigation  and 
time  data  from  the  satellite  receiver  and  the 
pseudorange  counter,  of  making  the  necessary  cal¬ 
culations  to  determine  satellite  range  and  rela¬ 


tive  clock  offsets  and  of  displaying  and  storing 
the  received  and  reduced  data.  The  processor  in¬ 
terfaces  with  the  receiver  through  an  RS-232C  data 
communications  link  and  an  IEEE-488-1975  general 
purpose  instrumentation  bus.  The  decoded  naviga¬ 
tion  data  from  the  receiver  is  passed  to  the  proc¬ 
essor  over  the  RS-232C  data  link.  The  IEEE-488- 
1975  bus  provides  a  two-way  communications  and 
control  link  between  the  processor  and  the  receiver 
and  counter.  Over  this  bus  pass  the  receiver  sta¬ 
tus  information,  satellite  identification  and  Dop¬ 
pler  estimates,  counter  control  and  measured 
pseudorange,  and  the  other  interactive  digital 
signals  required  for  system  operation. 

The  system  console  provides  the  major  inter¬ 
face  between  the  system  and  the  operator.  The 
interactive  keyboard  and  display  are  used  to  in¬ 
put  time  and  location  for  system  initialization, 
to  select  various  modes  of  operation  from  a  menu 
provided  by  the  operating  system  and  display  a 
variety  of  raw  and  processed  data.  Additional 
software  features  for  recording  and  processing 
data  can  be  Invoked  by  operating  the  switch  regis¬ 
ters  on  the  processor  front  panel.  A  variety  of 
information.  Including  the  space  vehicle  message, 
ephemeris  data,  results  of  data  reductions,  and 
various  statistical  factors  can  be  selected  for 
display  in  several  formats. 

The  console  minicartridge  magnetic  tape  sys¬ 
tems  provide  the  means  of  entering  the  operating 
system  and  receiver  data  base  (geodetic  coordi¬ 
nates,  receiver  bias  and  UTC-GPS  time  offset)  and 
for  recording  the  parameters  recovered  from  the 
satellite  message  and  those  measured  on  the  pseu¬ 
dorange  counter. 

System  Software 

The  software  system  consists  of  a  Hewlett- 
Packard  RTE-M  operating  system,  and  an  application 
program  designed  to  operate  the  receiver  and  data 
collection  systems,  apply  the  algorithms  required 
to  correct  and  reduce  the  received  data  and  to  out¬ 
put  the  reduced  data  in  a  usable  form. 

The  RTE-M  is  a  real-time  executive  operating 
system  for  the  management  of  the  operations  and 
resources  of  HP  1000  Model  20  computer  systems. 

It  supports  multiprogramming  and  program  develop¬ 
ment  in  Fortran  IV,  has  a  file  manager  for  file 
maintenance  on  mini  cartridges  and  includes  driv¬ 
ers  for  a  number  of  peripheral  subsystems,  in¬ 
cluding  the  IEEE-488-1975  instrumentation  bus. 

The  application  program  consists  of  a  main 
program  which  handles  program  initialization,  time 
transfer  initialization,  control  of  the  continuous 
time  transfer  solutions  and  an  out-of-view  satel¬ 
lite  control  and  23  subroutines  which  perform 
diagnostics,  calculate  dates,  recover  satellite 
data,  etc. 

Pseudorange  Counter 

The  pseudorange  counter  is  a  Hewlett-Packard 
Model  5328A  with  a  programmable,  high  resolution 
time  interval  module  and  IEEE-488-1975  bus  compat- 
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ibility.  It  is  used  exclusively  to  measure  pseudo¬ 
range  every  six  seconds  by  measuring  the  time  in¬ 
terval  between  a  one  pulse  per  six  seconds  gener¬ 
ated  from  a  station  reference  clock  and  that  re¬ 
covered  from  the  received  C/A  code.  While  track¬ 
ing  a  satellite  the  counter  is  under  the  exclu¬ 
sive  control  of  the  processor  and  provides  pseu¬ 
dorange  (to  a  ten-nanosecond,  single  measurement, 
resolution)  to  the  processor  every  six  seconds  via 
the  data  bus. 

Testing 

Initial  Tests 

Initial  tests  of  the  time  transfer  capability 
of  the  TTU  were  carried  out  as  part  of  the  unit  ac¬ 
ceptance  tests.  A  pair  of  portable  atomic  clocks 
was  carried  to  the  MCS  at  Vandenberg  AFB  in  Cali¬ 
fornia.  The  ensemble  of  atomic  clocks  which  con¬ 
stitute  the  GPS  master  clock  were  measured  against 
the  portable  clocks  with  particular  attention  to 
the  clock  serving  as  reference  for  the  Vandenberg 
Monitor  Site.  Pertinent  system  delays  in  the  mon¬ 
itor  receiver  were  also  measured  and  verified  with 
site  personnel.  The  portable  clocks  were  then 
transported  to  the  STI  facility  in  Sunnyvale, 
where  a  series  of  time  transfers  were  made  using 
the  portable  clocks  as  reference  for  the  TTU.  The 
clocks  were  then  returned  to  Vandenberg  (to  estab¬ 
lish  a  baseline  for  GPS  time)  and  then  taken  back 
to  Sunnyvale  for  a  final  series  of  measurements. 

The  results  of  this  initial  series  of  measurements 
are  presented  in  Figure  4.  As  can  be  seen  from 
the  plot,  time  transfers  with  a  precision  of  better 
than  ±  50  nanoseconds  were  achieved.  Having  es¬ 
tablished  that  the  TTU  performed  to  well  within 
the  contractual  specifications,  it  was  shipped  to 
the  USNO  for  more  extensive  testing. 

USNO  Testing 

The  TTU  was  put  in  operation  at  USNO  in  early 
January  of  this  year.  Operational  difficulties 
were  encountered  from  the  outset.  Although  the 
data  that  were  collected  appeared  to  be  reasona¬ 
bly  good,  acquiring  and  tracking  satellites  was  a 
continuous  problem.  Intermittent  signal  loos, 
indications  of  malfunctions  in  the  receiver  acqui¬ 
sition  and  tracking  loops  and  periodic  loss  of 
program  control  made  the  system  difficult  to  use 
and  quite  ineffective.  The  receiver  was  shipped 
to  STI  for  repair  in  February.  After  being  lost 
in  transit  for  five  weeks,  STI  made  a  few  rela¬ 
tively  simple  repairs  and  returned  the  unit  to  the 
USNO  in  early  April.  Poor  performance  when  the 
receiver  was  placed  back  in  service  was  traced  to 
the  antenna  preamplifier.  Replacement  of  the  pre¬ 
amplifier  corrected  the  problem  and  brought  the 
TTU  to  a  performance  level  that  leaves  little  to 
be  desired.  At  present  any  satellite  that  rises 
above  the  horizon  can  be  acquired  and  tracked. 

To  date,  the  USNO  program  has  consisted  of 
acquiring,  tracking,  and  recording  data  on  all 
satellite  passes  visible  from  the  USNO  on  week¬ 
days  from  about  1000  to  2000  UT.  As  the  TTU  re¬ 
quires  an  operator,  manpower  and  funding  diffi¬ 


culties  limit  testing  to  normal  working  hours. 
Unfortunately  the  satellite  constellation  has 
precessed  to  the  point  where  the  visibility  from 
the  USNO  is  optimum  in  the  early  morning  hours 
(See  Figure  14) ,  making  data  collection  even  more 
difficult. 

The  first  group  of  data  presented,  Figures  5 
through  8,  are  intended  to  give  an  overview  as  to 
the  general  characteristics  of  the  data  rather 
than  the  qualitative  value  of  the  information  it 
contains.  The  final  plots  of  data,  Figures  9 
through  13,  contain  all  the  information  collected 
with  the  TTU  during  the  test  period.  All  plots 
of  data  show  the  difference  between  the  USNO  Mas¬ 
ter  Clock  and  GPS  (MC  -  GPS)  on  the  y-axis  and 
date  (in  either  Modified  Julian  Date  or  GPS  Epoch) 
on  the  x-axis.  (GPS  Epoch  which  is  presently 
offset  from  UTC  by  2  seconds  is  counted  in  seconds 
beginning  with  00:00:00  on  Sunday  and  is  reset  to 
zero  at  that  time.) 

Figure  5  is  a  plot  of  data  recovered  from 
every  six-second  transmission  from  SV  #6  over  a 
period  of  about  one  hour  on  6  February  1980.  (SV 
is  one  of  several  designators  for  the  satellites.) 
The  pass  is  centered  around  the  time  of  greatest 
satellite  elevation.  Figure  6  is  the  same  data 
smoothed  by  taking  20  sample  (2  minute)  averages. 

Figure  7  is  a  plot  of  SV  #5  centered  approxi¬ 
mately  at  highest  elevation  and  smoothed  by  taking 
50  sample  (5  minute)  averages  over  the  nearly  two 
hours  of  data  taken  on  28  April.  Two  things  be¬ 
come  apparent  if  one  compares  this  figure  with  the 
previous  one.  The  slopes  are  different  and  the 
data  from  SV  #5  is  more  nonlinear.  The  difference 
in  slopes  can  be  attributed  to  the  space  vehicle 
clocks,  the  GPS  clock  or  a  combination  of  the  two. 
The  linearity  difference  that  is  apparent  can  be 
attributed  to  the  differences  in  the  groundtrack 
of  the  two  satellites  (see  Figure  15)  and  the  in¬ 
ability  of  the  mathematical  models  used  in  correc¬ 
ting  the  data  to  compensate  for  the  different 
azimuth/elevation  profiles.  SV  II 6  "flies  by"  the 
USNO  on  a  westerly  track,  rising  in  the  northwest, 
gaining  highest  elevation  in  the  west  and  setting 
in  the  southwest.  SV  II 5,  on  the  other  hand,  rises 
in  the  southwest,  gains  highest  elevation  to  the 
north  and  sets  in  the  southeast. 

Figure  8  shows  a  pass  for  SV  II 8  taken  on 
8  February  which  includes  a  satellite  upload  from 
the  MCS.  The  upload  should  be  indicative  of  the 
combined  GPS  master  clock  and  satellite  perform¬ 
ance.  Thirty  nanoseconds  over  a  one  day  period 
equates  to  a  ±  3  x  10-13  difference  between  the 
two. 

Figure  9  through  13  are  the  data  collected 
during  a  twenty-day  period  in  April  and  May. 

With  the  exception  of  SV  II 7,  performance  among  the 
other  satellites  was  fairly  consistent  over  the 
period,  showing  among  other  things  an  offset  for 
the  GPS  master  clock  of  approximately  -2.7  x  10-13 
and  an  approximate  time  offset  of  12  to  13  micro¬ 
seconds.  Close  examination  of  these  plots  also 
reveals  some  significant  steps  in  time  which  show 
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good  consistency  within  the  GPS  system  but  raise 
some  questions  as  to  uniform  performance  against 
an  external  time  scale.  The  two  portable  clock 
trips  that  were  recently  completed  revealed  the 
same  problem  in  that  correlation  between  portable 
clock  data  and  TTU  measurements  made  at  a  one  week 
interval  could  not  be  achieved  to  better  than 
several  hundred  nanoseconds.  I  suspect  that  time 
jumps  due  to  changes  in  operating  clocks,  system 
delays,  etc.,  are  accounted  for  in  the  control  sys¬ 
tem  software  in  order  to  maintain  internal  syn¬ 
chronization.  To  an  external  observer  they  appear 
as  steps  in  time.  This  is  well  illustrated  by  ex¬ 
amining  the  y-axis  differences  of  all  the  plots 
presented  in  this  paper. 

Conclusion 


It  has  been  demonstrated  that  time  transfers 
utilizing  GPS  and  a  GPS/TTU  can  be  made  to  a  pre¬ 
cision  of  approximately  fifty  nanoseconds  with 
little  difficulty.  By  employing  techniques  simi¬ 
lar  to  those  used  in  TV  Line-10  transfers,  where 
simultaneous,  common  view  measurements  against  a 
stable  transmitter  yield  measurements  with  ten- 
nanosecond  uncertainty,  intercontinental  time 
transfer  at  a  ten-nanosecond  level  should  be  possi¬ 
ble.  However,  before  day-to-day  stability  against 
an  external  reference  such  as  UTC  can  be  achieved, 
in  the  same  sense  as  LORAN-C,  a  more  comprehensive 
approach  to  the  control  and  synchronization  of  the 
ground  clocks  must  be  developed. 

The  USNO  is  pursuing  improvement  of  GPS  tim¬ 
ing  and  attempting  to  make  it  available  to  users 
as  soon  as  possible.  The  data  collected  by  the 
GPS/TTU  are  made  available  via  our  recently  in¬ 
augurated  PTTI  digital  data  service.  In  the  fu¬ 
ture  this  data  will  also  be  published  in  our  Time 
Service  publications.  Modifications  to  the  TTU 
software  to  allow  programmed,  automatic  tracking 
of  every  satellite  every  day  and  automatic  trans¬ 
fer  of  the  data  to  our  on-line  data  acquisition 
system  computer  will  considerably  enhance  the 
timeliness  and  quantity  of  data  available.  Final¬ 
ly,  a  program  to  improve  linkage  of  the  GPS  MCS 
clock  ensemble  to  the  USNO  Master  Clock  is  being 
pursued  with  the  aim  of  eliminating  the  presently 
observed  discontinuities  and  reducing  the  ground 
clock  offsets. 
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Figure  1.  GPS/TTU  System  (less  antenna) 
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5.  Smoothed  Data  SV  #6 
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Summary 

Even  though  the  GPS  Is  primarily  <j  navigation 
system,  If  two  clocks  at  known  coordinates  A  and  B 
are  In  common-view  of  a  single  GPS  satellite, 
receivers  at  these  two  clock  sites  may  coinciden¬ 
tally  receive  transmitted  GPS  clock  times.  By 
subtracting  the  received  times  of  arrivals  as 
measured  by  clocks  A  and  B  at  the  two  sites  while 
compensating  for  the  propagation  delays,  one  has 
an  accurate  measure  of  the  time  difference  between 
clo:k  A  and  clock  B. 

When  all  of  the  error  contributions  are 
assessed,  It  appears  that  1  ns  time  stability  and 
10  ns  of  time  accuracy  should  be  achievable  In 
measuHcg  remote  clocks— at  distances  of  the  order 
of  t-  <aw  thousand  km.  The  primary  error  sources 
are  a*,  follows:  uncertainties  In  the  satellite 
ephemeris,  differential  Ionospheric  delays,  uncer¬ 
tainties  In  tropospheric  delay  estimation,  and 
uncertainties  In  receiver  delays. 

We  have  chosen  this  common-view  approach 
because  It  provides  an  opportunity  for  a  high 
accuracy  (10  ns)  relatively  low  cost  receiver  due 
to  the  common-mode  error  cancellation  achievable. 

Introduction 

The  fact  that  GPS  time  Is  based  on  atomic 
clocks,  plus  the  fact  that  the  GPS  satellite 
ephemerldes  are  accurately  known,  leads  to  some 
significant  national  and  International  time  compar¬ 
ison  opportunities.  Even  though  GPS  Is  fundamen¬ 
tally  a  navigation  system,  accurate  time  Is  also 
available.1  It  Is  assumed  In  this  document  that 
users  wishing  to  measure  or  compare  time  on  the 
earth  will  know  their  location  to  within  similar 
uncertainties  attributable  to  the  time  errors  In 
GPS.  The  civilian  or  C/A  (clear  access)-code  will 
always  be  available  and  can  be  used  for  general 
access  system  design. 

There  are  four  Interesting  methods  to  employ 
GPS  for  accurate  time  transfer  or  for  accurate 
time  and  frequency  comparisons  (see  Fig.  1): 


First,  Clock  A  and  a  GPS  receiver  are  used  to 
deduce  from  a  GPS  satellite's  ephemerls,  from 
clock- A' s  location,  and  from  received  GPS  time 
decoded  from  the  same  satellite,  the  time  differ¬ 
ence  (Clock  A  -  GPS  time).  This  method  Is  the 
simplest  and  least  accurate  (estimated  to  be 
better  than  about  100  ns  with  respect  to  GPS 
time),2  but  has  global  coverage,  Is  In  the  recelve- 
only  mode,  requires  no  other  data,  yields  receiver 
prices  that  could  be  competitive  on  a  mass  produc¬ 
tion  basis,  and  could  service  an  unlimited  audi¬ 
ence.  Also,  GPS  time  will  be  referred  to  UTC(USNO) 
and  will  be  known  with  respect  to  UTC(BIH), 
UTC(NBS),  and  other  major  timing  centers. 

Second,  Clock  A  and  Clock  B  at  different 
locations  anywhere  on  earth  can  be  compared  by 
making  successive  observations  of  the  same  GPS 
satellite  clock,  at  least  one  of  which  will  appear 
above  their  horizons  with  delayed  view  times  of 
less  than  12  hours.  This  Is  analogous  to  the 
clock  flyover  mode  reported  by  J.  Besson*  and 
others.  The  time  prediction  e^or  for  the  satel¬ 
lite  cesium  clocks  to  be  used  In  the  GPS  satel¬ 
lites  will  be  about  5  ns  over  12  hours.  Since  the 
same  GPS  satalllte  clock  will  be  viewed  by  both  A 
and  B,  biases  in  the  satellite  ephemerls  may  tend 
to  cancel  depending  upon  geometry,  etc.  Accura¬ 
cies  of  from  10  ns  to  50  ns  are  anticipated.  This 
method  requires  communication  of  the  data  between 
A  and  B,  and  hence  the  logistics  may  limit  the 
customers. 

Third  (see  Figures  1  &  2),  two  userc  with 
Clock  A  and  Clock  B  at  different  locations,  but  in 
simultaneous  common-view  of  a  single  GPS  satellite 
clock,  can  take  advantage  of  common  mode  cancella¬ 
tion  of  ephemeris  errors  in  determining  the  time 
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difference  (t^  -  tg).  The  satellite  clock  error 
contributes  nothing.  Since  the  GPS  satellites  are 
at  about  4.2  earth  radii  (12  hour  orbits),  for 
continental  distances  between  A  and  B  (<  3000  km) 
the  angle  /  (A-Satellite-B)  will  be  <  10°,  and  the 
effects  of  satellite  ephemeris  errors  will  be 
reduced  by  a  factor  of  more  than  10  over  the  first 
method.  Using  a  fairly  straightforward  receiver 
system,  an  accuracy  of  about  10  ns  in  measuring 
the  time  difference  (t^  -  tg)  appears  probable. 
This  again  requires  data  communication  between  A 
and  B.  With  improved  ephemerides  and  propagation 
delay  characterization,  the  accuracy  limit  for 
this  method  appears  to  be  about  1  ns.  The  receiver 
should  be  relatively  inexpensive,  and  given  the 
reasonable  costs  of  data  modems  and  the  potential 
accuracies  achievable  via  this  method,  it  makes  it 
very  attractive  and  cost  effective  for  national, 
and  in  some  instances,  for  international  time 
comparisons. 

Fourth,  a  method  being  developed  for  Geodesy 
by  JPL  (Jet  Propulsion  Laboratory)4  has  baseline 
accuracy  goals  of  about  2  cm  over  baselines  of  the 
order  of  10U  km.  This  method  can  be  inverted  to 
do  time  comparisons  with  subnanosecond  accuracies. 
The  two  clocks  A  and  B  separated  by  about  100  km 
have  two  broadband  receivers  with  tunable  tracking 
antennae  such  that  sequentially,  4  satellites  can 
be  tracked  concurrently  at  A  and  B.  The  data  are 
cross-correlated  after  the  fact,  the  same  as  in 
long  baseline  interferometry,  to  determine  location 
and  time  difference  (t^  -  tg).  The  data  density 
is  high  and  the  baselines  are  relatively  short, 
but  the  accuracy  is  excellent. 

It  appears  that  as  GPS  becomes  fully  devel¬ 
oped,  GPS  time  may  become  operational  world  time. 
Methods  1,  2,  or  3  above  would  yield  significant 
improvements  in  national  and  international  time 
comparisons.  If  commercial  vendors  take  advantage 
of  some  of  these  methods,  receiver  costs  could  be 
made  reasonable.  The  same  basic  receiver  could  be 
used  in  methods  1,  2,  or  3;  the  main  difference 
would  be  in  the  software  support,  modems,  and 
local  clocks.  Method  3  (common-view)  coupled  with 
LASSO  would  provide  an  ideal  future  method  for  the 
generation  of  International  Atomic  Time,  TAI,  and 


of  UTC  at  the  nanosecond  accuracy  level.  This 
method  has  the  most  attractive  accuracy/cost  ratio 
and  is  being  pursued  by  NBS.  The  theoretical 
advantages  and  disadvantages  are  reported  herein. 

System  Error  Analysis 

Errors  Resulting  from  Satellite  Ephemeris 
Location  Uncertainty 

The  time  transfer  error  is  dependent  upon  the 
ephemeris  or  position  error  of  a  satellite. 
Common-view  time  transfer  yields  a  great  reduction 
in  the  effect  of  these  errors  between  two  stations, 
A  and  B,  as  compared  to  transfer  of  time  from  the 
satellite  to  the  ground.  Common-view  time  transfer 
is  accomplished  as  follows: 

1)  Stations  A  and  B  receive  a  common  signal 
from  a  satellite  and  each  records  the 
local  time  of  arrival,  t^  and  tg  respec¬ 
tively. 

2)  From  a  knowledge  of  station  and  satellite 
position  in  a  common  coordinate  system, 
the  range  between  the  satellite  and  each 
of  the  stations  is  computed,  rft  and  rg 
respectively. 

3)  The  time  of  transmission  of  the  common 
signal  according  to  each  station,  A  and 
B,  is  computed  by  subtracting  from  the 
times  of  arrival,  the  times  of  propaga¬ 
tion  from  the  satellite  to  each  of  the 
respective  stations,  i.e. ,  the  time  to 
travel  the  distances,  rft  and  rB,  are  tft 
and  tg  (the  range  delays)  and  are  given 
by  =  rft/c  and  tg  =  rg/c  where  c  is 
the  speed  of  light.  This  speed  is 
subject  to  other  corrections  as  are 
treated  later. 

4)  Finally,  the  time  difference,  t^g,  of 
station  A's  clock  minus  station  B's 
clock  at  the  times  the  signals  arrived 

is: 

tAB  =  (tA  "  V  ‘  (tB  ‘  V  = 

{tA  ‘  V  ‘  (XA  ’  V- 
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If  the  ephemeris  of  the  satellite  is  off,  the 
computed  ranges  from  the  stations  to  the  satellite 
will  be  off  an  amount  dependent  on  the  way  the 
ephemeris  is  wrong  and  the  geometrical  configura¬ 
tion  of  the  satellite-station  systems.  The  advan¬ 
tage  of  common-view  time  transfer  is  that  the 
computed  bias  is  affected  not  by  range  errors  to 
individual  stations,  but  by  the  difference  of  the 
two  range  errors.  Thus,  much  of  the  ephemeris 
error  cancels  out.  To  see  how  this  works  in 
detail,  suppose  the  ephemeris  data  implies  range 
delays  of  xA  and  Xg,  but  the  actual  position  of 
the  satellite,  if  known  correctly,  would  give 
range  delays  of  xA  =  xA  -  Ax^  and  Xg  =  Xg  -  AXg. 
Then  the  error  in  time  transfer  would  be  Ax^g  = 
AXg  -  Axft,  where  xAg  =  xAB  -Ax^g  is  the  true  time 
difference  (clock  A  -  clock  B)  and  where  x^g  is 
the  computed  time  difference  from  the  actual  time 
of  arrival  measurements  and  ephemeris  data.  Thus, 
Ax^g,  the  time  transfer  error  due  to  ephemeris 
error,  depends  not  on  the  magnitude  of  the  range 
errors ,  but  on  how  much  they  di  f f er. 

The  error  in  time  transfer,  Ax^g,  as  mention¬ 
ed  above,  depends  on  the  locations  of  the  two 
stations  and  of  the  satellite,  as  well  as  the 
orientation  of  the  actual  position  error  of  the 
satellite.  Figures  3  through  18  at  the  end  of  the 
paper  give  Ax^g  for  some  ground  stations  of  inter¬ 
est  with  different  discrete  levels  of  error  shown 
as  contour  graphs  dependent  on  where  the  satellite 
is.  There  are  four  sets  of  contour  graphs  for 
each  pair  of  ground  stations;  for  current  and 
future  typical  ephemeris  errors,4  and  for  whether 
the  satellite  is  going  north  or  south  in  its 
orbital  plane.  Within  a  particular  graph,  the 
contour  level  at  a  point  corresponds  to  the  root- 
mean-square  value  of  Acab  when  the  common  view 
satellite  is  directly  above  that  location.  The 
current  values  of  ephemeris  error  for  the  GPS 
satellites  are  estimated  at  about  10  meters  in¬ 
track,  i.e. ,  in  the  satellite's  direction  of 
motion;  7  meters  cross-track,  and  2  meters  radial.5 
This  corresponds  to  41.23  ns  rms  error  (square 
root  of  the  sum  of  squares/c).  The  projected 
values  for  1985  are  7  m  in-track,  3  m  cross-track, 
and  0.6  m  radial,  corresponding  to  25.46  ns  rms 


error.5  Notice  that  the  rms  errors  make  an  elon¬ 
gated  ellipsoid  and  are  dependent  on  satellite 
direction.  Thus,  to  compute  the  range  errors  to  a 
given  pair  of  stations  for  a  given  satellite 
location,  one  needs  to  know  the  satellite  direc¬ 
tion  at  that  location.  The  satellite  moves  in  a 
fixed  plane  in  space  with  the  earth  rotating  under 
it. 

The  program  which  computed  the  figures  used 
an  orbital  plane  making  an  angle  of  63°  with  the 
ecliptic  with  the  satellite  moving  west  to  east  in 
the  plane.  As  an  approximation,  the  orbit  was 
assumed  circular  at  4.2  earth  radii  (12  hour 
period).  At  a  given  latitude,  the  satellite  direc¬ 
tion  in  degrees  east  of  north  is  determined  by  the 
orbital  plane  and  whether  the  direction  is  norther¬ 
ly  or  southerly.  Corrections  for  the  earth's 
rotation  need  to  be  included.  Thus,  each  figure 
was  created  by:  1)  choosing  a  given  pair  of 
ground  stations,  a  set  of  values  for  ephemeris 
error,  and  whether  the  satellite  was  moving  north 
or  south  in  its  orbital  plane;  2)  for  a  given 
location  on  a  map  containing  the  ground  stations, 
finding  the  satellite  direction  (a  function  of 
latitude  only)  and  three  independent  position 
error  vectors  from  the  three  different  types  of 
ephemeris  error;  and  3)  approximating  AxftB  for 
each  of  the  independent  position  error  vectors, 
then  finding  the  square  root  of  the  sum  of  their 
squares  for  the  total  AxftB  at  that  location.  In 
this  way  a  chart  of  values  of  Ax^g  was  computed, 
which  were  then  plotted  in  contour  plots  super¬ 
imposed  on  a  world  map  in  cylindrical  projection. 
Clearly,  there  are  regions  shown  where  the  satel¬ 
lite  will  be  below  the  horizon  for  one  or  both 
stations,  so  the  maps  are  over-inclusive  in  this 
regard. 

The  Ax^g  were  approximated  in  the  following 
way.  Let  us  fix  a  coordinate  system  at  the  earth's 
center  to  define  basis  vectors.  Then  let  A  and  B 
be  the  position  vectors  of  stations  A  and  B, 
repectively,  and  S  the  position  vector  of  the 
satellite.  Then  the  range  vectors,  pointing  to 
the  satellite  from  the  ground  stations,  are: 

R A  =  S  -  A  and  Rg  =  S  -  B. 
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Let  e^  and  eg  be  the  unit  vectors  in  the  direc¬ 
tions  of  and  Rg  respectively.  Then  the  ranges 
are: 

rft  =  eA-(S  -  A)  and  rg  =  eB*(S  -  B). 

If  S  is  the  satellite  position  according  to  its 
ephemeris,  but  the  true  position  is  S  +  AS  then 
the  new  unit  vectors,  e^  and  eg,  are  the  same  as 
the  old  to  first  order: 

„2 

eA*eA  =  1  -  ^  +  •••  =  cos  (a),  where  a  is 
the  angle  between  eft  and  e^. 

So,  to  first  order,  the  new  ranges  are: 
rA  =  eA'(~  +  A-  '  -)• 

Thus,  the  “ange  errors  are  approximately: 

ArA  =  rA  *  rA  =  eA^  and  ArB  =  rB  ‘  rB  =  eB^ 
so: 

ATAB  =  (ArB  "  ArA)/c  =  £(6B  ‘  eA)<A-S-- 

We  see  that  the  time  transfer  error  increases  as 
the  vectors  pointing  to  the  satellite  from  the 
ground  stations  become  less  parallel  up  to  the 
maximum  of  times  the  ephemeris  error  when  they 
are  perpendicular,  down  to  zero  when  they  are 
parallel.  Because  of  the  dot  product,  some  inter¬ 
esting  and  very  helpful  situations  may  arise.  For 
example,  if  the  path  of  the  satellite  were  at 
right  angles  to  the  line  between  stations  A  and  B 
and  were  half-way  in  between  the  two  stations,  the 
effect  of  the  ephemeris  errors  due  to  radial  and 
on-track  go  to  zero!  Since  the  GPS  satellites  are 
so  far  out,  4.2  earth  radii  approximately,  the 
direction  vectors  pointing  to  the  satellite  tend 
to  be  close  to  parallel,  thus  cancelling  most  of 
the  ephemeris  error  in  all  cases  where  common-view 
is  available. 


Errors  Resulting  from  Ionosphere 

The  ionospheric  time  delay  is  given  by  At  = 
40.3/cf2  •  TEC  (seconds)  where  TEC  is  the  total 
number  of  electrons,  called  the  Total  Electron 
Content,  along  the  path  from  the  transmitter  to 
the  receiver,  c  is  the  velocity  of  light  in  meters 
per  second,  and  f  is  the  carrier  frequency  in  Hz. 
TEC  is  usually  expressed  as  the  number  of  electrons 
in  a  unit  cross-section  column  of  1  square  meter 
area  along  the  path  and  ranges  from  1016  electrons 
per  meter  squared  to  1019  electrons  per  meter 
squared.  At  the  1.575  GHz  C/A  carrier  frequency 
for  the  GPS  satellite  system  and  for  a  TEC  of  1018 
electrons  per  meter  squared,  one  computes  the 
delay  of  54  ns  which  is  possible  for  low  latitude 
parts  of  the  world.  For  these  low  latitudes  and 
solar  exposed  regions  of  the  world,  time  delays 
exceeding  100  ns  are  possible  especially  during 
periods  of  solar  maximum.  Clearly,  the  TEC  para¬ 
meter  is  of  great  importance  in  the  GPS  system. 
Shown  in  Fig.  19  is  a  reproduction  of  a  figure 
taken  from  a  paper  by  J.  A.  Klobuchar,6  this 
figure  clearly  shows  during  a  solar  maximum  year, 
1968,  that  the  range  of  delays  vary  from  about  5 
to  40  ns,  being  maximum  near  the  equator  and  near 
the  noon  path.  Fig.  20  is  also  from  Klobuchar1  s 
paper  and  shows  the  actual  vertical  electron 

content  at  Hamilton,  MA  looking  towards  the  ATS-3 
satellite  for  every  day  of  the  year,  and  here 
again  one  sees  the  variations  from  the  order  of 
5  ns  to  40  ns. 

In  studying  these  graphs,  one  observes  two 
very  important  things:  1)  the  total  delay  at 

nighttime  and/or  high  latitude  is  much  smaller 
than  at  daytime,  and  2)  one  notices  that  the 

correlation  in  absolute  delay  time  covers  much 
larger  distances  when  one  moves  away  from  the 

equator  and  the  vicinity  of  noon;  the  conclusion 
being  that  a  significant  amount  of  common-mode 
cancellation  will  occur  through  the  ionosphere  at 
large  distances  if  all  observations  are  made  at 
either  high  latitudes  and/or  at  nighttime.  These 
cancellation  effects,  as  can  be  seen  from  Fig.  20 
over  several  thousand  km,  will  cause  errors  of 
less  than  5  ns.  For  short  baselines  less  than 
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1000  km,  this  common-mode  cancellation  will  cause 
errors  of  the  order  of  or  less  than  about  2  ns. 

Clearly,  this  gives  a  definite  direction  as 
to  how  one  should  proceed  using  the  common-view 
GPS  time  and  frequency  transfer  technique  proposed 
in  this  paper.  Even  though  the  total  ionospheric 
delay  may  be  very  large  at  certain  times  and 
places,  there  are  ways  to  pick  and  choose,  which 
would  allow  one  to  get  large  amounts  of  common- 
mode  cancellation  and  which  would  allow  one  to 
achieve  with  some  care,  time  and  frequency  transfer 
accuracies  approaching  a  nanosecond. 

Beyond  the  common-mode  cancellation,  If  one 
had  access  to  the  measurements  of  the  total  elec¬ 
tron  content,  then  clearly  one  could  use  the  model 
to  actually  calculate  the  delay  over  the  two  paths 
of  interest,  or  if  the  monitor  stations  for  the 
TEC  were  nearby,  given  reasonable  correlations 
from  one  monitor  station  to  another,  one  could 
interpolate  the  TEC  so  that  on  an  ongoing  basis, 
the  differential  delay  variations  could  be  calcu¬ 
lated  again  to  the  order  of  a  nanosecond.  Also, 
if  one  used  both  the  and  L 2  frequencies  from 
the  GPS  satellite,  the  TEC  could  be  calculated. 

Errors  Resulting  From  Troposphere 

In  transferring  time  between  ground  stations 
via  common-view  satellite,  one  records  the  time  of 
arrival  of  the  signal  and  computes  the  time  of 
transmission  by  subtracting  the  propagation  time. 
The  propagation  time  is  found  by  dividing  the 
range  to  the  satellite  by  the  velocity  of  light. 
However,  moisture  and  oxygen  in  the  troposphere 
have  an  effect  on  the  velocity  of  propagation  of 
the  signal,  thus  affecting  the  computed  time  of 
transmission  and  therefore,  the  time  transfer. 
This  effect  is  dependent  on  the  geometry,  the 
latitude,  the  pressure,  and  the  temperature,  and 
may  vary  in  magnitude  from  3  ns  to  300  ns.7 
However,  by  employing  reasonable  models  and  using 
high  elevation  angles,  the  uncertainties  in  the 
differential  delay  between  two  sites  should  be  well 
below  10  ns.  Later  on,  if  needed,  the  magnitude 
of  the  troposphere  delay  can  be  calculated  with 
uncertainties  which  will  approach  a  nanosecond. 


Error  Considerations  in  Receiver  Design 

Since  the  primary  goal  of  the  NBS  receiver 
design  is  accuracy  in  time  and  frequency  transfer, 
the  approach  taken  tends  to  be  somewhat  different 
than  perhaps  may  be  considered  in  a  navigation 
receiver.  The  fundamental  concern  is  that  whatever 
time  delay  exists  within  the  receiver  that  it  be 
extremely  stable  (of  the  order  of  a  nanosecond). 
This,  of  course,  can  be  most  easily  accomplished 
if  the  total  additional  delay  (beyond  cables)  is 
minimized  through  the  receiver.  We  also  are 
working  toward  minimum  parts  cost,  while  still 
providing  full  automation  in  capability.  In 
addition,  we  are  designing  into  the  current  units 
being  built  by  NBS,  self  contained  microprocessor 
control  and  a  (1  ns)  time  Interval  counter. 

The  total  receiver  will  have  high  accuracy, 
is  designed  to  be  very  stable,  and  will  be  totally 
automated  and  self-contained.  This  allows  one  to 
take  maximum  advantage  of  appropriate  seeing  time 
of  the  satellites,  minimize  Ionospheric  delay  and 
delay  variations;  to  maximize  the  common-mode 
cancellations  between  two  sites.  We  estimate  a 
total  receiver  delay,  excluding  cables,  to  be  less 
than  30  ns  and  the  receiver  stability  to  be  less 
than  2  ns.  Receivers  can  be  straightforwardly 
calibrated  in  a  side-by-side  mode  as  to  the  dif¬ 
ferential  delay,  and  since  one  uses  the  concept  of 
common-mode  between  two  sites,  only  the  differen¬ 
tial  delay  is  important  for  accurate  time  and 
frequency  transfer  between  sites  A  and  B. 

Current  and  Future  System  Accuracy 
Potential  and  System  Cost 

When  one  combines  all  of  the  possible  errors 
from  any  of  the  potential  error  sources,  one 
obtains  an  absolute  accuracy  of  time  transfer  of 
better  than  10  ns,  and  a  time  stability  of  the 
order  of  a  nanosecond.  This  means  that  on  a  24 
hour  basis,  one  could  measure  absolute  frequency 
differences  between  remote  sites  to  a  few  parts  in 
101*.  We  anticipate  a  front  end  parts  and  assembly 
cost  (not  including  development  costs)  of  well 
under  $10,000.  This  includes  the  computer  and 
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automatic  control  system  us  well  as  a  1  ns  time 
interval  counter;  but,  of  course,  does  not  include 
the  necessary  testing  documentation  and  costs 
incurred  by  a  vendor  if  they  were  to  develop  and 
put  into  production  such  a  system.  The  concept 
being  developed  has  the  significant  advantage  that 
the  main  costs  will  be  front  end  costs  as  the 
system  should  be  unintensive  after  being  set  in 
operation.  It  also  has  the  significant  advantage 
over  two-way  satellite  systems,  in  that  it  is  in 
the  receive  only  mode,  which  should  allow  a  much 
larger  user  audience  for  this  kind  of  receiver  as 
well  as  avoiding  all  of  the  problems  of  FCC  clear¬ 
ance,  etc.  for  having  a  transmitter,  which  is 
necessary  for  a  two-way  satellite  system.  There 
have  been  some  discussions  that  because  of  the 
excellent  signal-to-noise  on  the  C/A  code  that  the 
signal  strength  would  be  degraded,  so  that  adver¬ 
sary  users  would  be  denied  the  full  accuracy  of 
the  system.  From  a  time  and  frequency  point  of 
view,  this  would  not  be  a  serious  problem  if  there 
was  a  degradation  in  signal-to-noise,  because  one 
could  simply  do  averaging  and  since  there  is 
plenty  of  time  to  average  over  a  pass,  this  should 
still  give  comparable  accuracy  results. 

The  future  accuracy  potential  is  quite  excit¬ 
ing  because  there  is  significant  anticipated 
improvement  in  the  accuracy  of  the  ephemerides  for 
the  satellites,  and  that  error  contribution  should 
be  reduced  considerably.  The  ionospheric  delay 
can,  in  fact,  be  calibrated  at  or  below  the  nano¬ 
second  level,  and  the  tropospheric  delay  can  also 
be  modeled  to  a  few  nanoseconds.  As  we  gain  more 
experience  with  receiver  design  and  total  delay 
and  delay  stability,  it  is  believed  that  its 
accuracy  can  also  be  improved  to  the  nanosecond 
level  or  below.  Ultimately,  over  the  next  several 
years  this  common-view  approach  could  be  developed 
with  accuracies  of  the  order  of  a  nanosecond. 

Conclusions 

In  conclusion,  we  have  shown  that  one-way 
satellite  transmission  from  a  GPS  satellite  in 
common- view  at  two  sites  allows  one  to  do  accurate 
time  transfer  to  10  ns  or  better.  This  accuracy 


is  achieved  because  of  common-mode  cancellations 
of  several  contributing  errors  in  the  system.  The 
system  furthermore  has  the  potential  to  achieve 
accurate  time  transfer  of  the  order  of  a  nano¬ 
second.  The  estimated  stability  of  the  receiver 
delays  and  all  contributing  error  delays  should 
yield  stabilities  of  the  order  of  1  ns,  which 
means  that  on  a  24  hour  basis,  frequency  transfer 
can  occur  with  an  accuracy  of  about  1  part  in 
1014.  Two  prototypes  are  being  built  at  the 
National  Bureau  of  Standards  to  test  these  ideas. 
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Figure  1.  Four  methods  of  time  transfer  and  their  approximate  accuracies 
using  GPS: 

Upper  left,  using  data  from  the  satellite  to  find  GPS  time  and 
comparing  a  local  clock  with  the  GPS  time  scale. 

Upper  right,  using  one  satellite  to  decode  GPS  time  at  two 
different  locations  and  times  to  compare  both  clocks  with 
the  GPS  time  scale  and  hence  with  each  other. 

Lower  left,  measuring  the  time  of  arrival  of  a  common  signal 
from  a  satellite  at  two  locations  to  compare  the  computed 
time  of  transmission  according  to  the  two  clocks  and  thus 
compare  the  clocks. 

Lower  right,  recording  signals  from  four  satellites  at  two 
stations  to  determine  locations  and  time  differences. 
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Time  transfer  via  a  satellite  in  common  view  of  two  ground 
stations  indicating  that  fairly  large  errors  (100  m  =  333  ns 
radial  error  or  10  m  =  33  ns  in-track  or  cross-track  error)  in 
satellite  ephemeris  can  cancel  to  a  few  ns  time  transfer  error. 


Figures  3-18.  Contour  graphs  of  the  error  in  common-view  time  transfer  for 
various  choices  of  ground  stations,  satellite  direction,  and 
ephemeris  error.  The  odd-numbered  figures  use  current  ephemeris 
error  estimates:  10  m  in-track,  7  m  cross-track,  and  2  m 
radial  corresponding  to  41.23  ns  rms  (square  root  of  the  sum  of 
the  squares  divided  by  the  speed  of  light).  The  even-numbered 
figures  use  error  values  projected  for  1985:  7  m  in-track,  3  m 
cross-track,  and  0.6  m  radial  corresponding  to  25.46  ns  rms. 
The  satellite  direction  is  always  northerly  in  the  "a"  figures 
and  southerly  in  the  "b"  figures.  The  ground  station  locations 
are  marked  with  an  "x".  The  contours  in  a  given  figure  are 
spaced  for  equal  error  values  with  error  increasing  as  one  goes 
from  dotted  to  dashed  to  solid  to  dotted  lines.  Figures  3a, 
3b,  4a,  and  4b  are  examples  of  all  four  combinations;  the  odd 
numbered  "a"  figures  and  the  even  numbered  "b"  are  deleted 
thereafter  because  their  contour  may  be  inferred  from  studying 
Figures  3a,  3b,  4a,  and  4b  along  with  the  station  combination 
of  interest. 
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figure  3a. 
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Figure  4d. 
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NBS~BIH  Time  Transfer  Error 

from  rms  ephemerLs  error  -  25.46  ns 
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.473  ns  between  contours 
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Figure  6e. 
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Figure  7b.  Figure  Be. 
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Figure  15b. 
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Figure  17b. 
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ABSTRACT 


The  Position  Location  Reporting  System  (PLRS)  is 
being  developed  for  use  by  the  U.S.  Amy  and 
U.S.  Marine  Corps  for  position  location,  naviga¬ 
tion  and  limited  data  communications. 

PLRS  is  a  synchronous  time-ordered  network  utiliz¬ 
ing  a  common  spread  spectrum  waveform,  with  many 
units  in  the  network  time-sharing  a  single  fre¬ 
quency  band.  To  support  hundreds  of  users  in  near 
real  time,  PLRS  employs  frequency-hopping  and  a 
direct  sequence  pseudo-noise  spectrum-spreading 
technique,  combined  with  data  encryption  and  inter¬ 
leaving,  which  provides  meaningful  Electronic  War¬ 
fare  (EW)  protection. 

The  technique  employed  to  locate  the  position  of 
system  users  is  multilateration.  It  is  based  on 
determining  range  to  a  User  Unit  by  measuring  the 
time-of-arrival  (TOA)  of  signal  bursts  from  units 
at  known  locations.  Every  User  Unit  incorporates  a 
time  base  generator  which  is  effectively  synchron¬ 
ized  with  and  periodically  corrected  by  the  system 
timing  source  (Rubidium  Standard)  at  the  Master 
Unit  (MU) .  Each  User  Unit  in  the  network  is 
assigned  one  or  more  unique  time  slots  during  which 
it  transmits  and  all  other  programmed  units 
receive. 


INTRODUCTION 

The  PLRS  Master  Unit  data  bast  ,  .ovides  informa¬ 
tion  such  as  position  location,  which  is  communica¬ 
ted  to  the  user.  The  information  on  these  users  is 
also  displayed  for  the  field  commander’s  use. 
Position  locations  are  typically  accurate  to  within 
ten  meters.  Users  can  also  send  and  receive  infor¬ 
mation  through  the  master  unit  to  other  units. 

When  programmed  by  the  Master  Unit  to  do  so,  each 
User  Unit  in  the.  network  reports  the  TOA  of  any 
signal  bursts  it  has  received  from  other  specified 
units.  The  MU  compares  the  reported  time  of 
message  receipt  with  the  known  time  of  trans¬ 
mission,  and  converts  the  difference  into  range 
between  sender  and  receiver.  When  the  ranges 
between  a  given  unit  and  three  or  more  previously 
located  units  are  known,  the  position  of  the  unit 
in  three  dimensions  can  be  calculated.  The  use  of 
more  than  three  measurements  for  a  unit  can 
increase  the  accuracy  of  the  location  to  within  a 
few  meters. 


The  system  consists  of  two  major  components  as 
shown  in  Fig.  1.  The  Master  Unit,  or  MU  auto¬ 
matically  manages  a  network  of  up  to  370  active 
users  and  also  displays  their  positions  on  a  CRT. 
The  User  Unit  (UU)  configuration  except  for  mount¬ 
ing  antenna  and  power  adapter  is  the  same  for  man- 
pack,  surface  vehicle  or  aircraft  applications. 

Each  unit  contains  all  of  the  electronics  necessary 
to  be  programmed  and  located  by  the  MU,  and  to 
transmit  and  receive  digital  data. 


Figure  1 


The  Master  Unit  is  configured  in  a  S-280  shelter. 

It  includes  a  time  of  arrival  processor  (TOAP)  net¬ 
work  control  processing  (NCP) ,  a  display  control 
processor  (DCP) ,  a  Command  Response  Unit  (CRU)  for 
network  control,  a  graphics  display  and  a  rubidium 
standard  for  system  timing. 

The  user  unit  measure  time  of  arrival  (TOA)  on 
messages  transmitted  from  other  units  in  its 
assigned  communications  path. 

Each  user  unit  contains  a  transducer  which  measures 
its  altitude.  This  information  is  also  trans¬ 
mitted  to  the  MU  for  an  altitude  refinement  which 
can  be  used  to  reduce  positioning  inaccuracies  due 
to  unfavorable  user  geometries . 
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A  real-time  position  tracking  system  has  finite 
computer  and  communication  capacity.  It  is 
essential  these  resources  be  used  efficiently, 
maximizing  the  frequency  of  new  position  updates 
to  enhance  user  capacity  and  positioning  accuracy. 
Time  ordered  systems,  maintaining  precise  time 
synchronization  among  user  unit  time  bases,  poten¬ 
tially  satisfies  this  need.  Early  time  ordered 
systems  employed  frequent  user  time  base  correc¬ 
tion  at  the  expense  r.f  system  resources.  Many 
communication  transmissions  are  eliminated  by  the 
scheme  employed  in  PLRS .  In  PLRS,  each  user's 
oscillator  offset  and  drift  is  modeled  at  and 
determined  with  respect  to  the  Master  Unit's  time 
reference.  This  perceived  time  error  is  accounted 
for  in  position  update  calculations.  This  scheme 
allows  the  one-way  TOA  approach  and  achieves 
accurate  positioning  using  small  inexpensive 
oscillators  at  the  user  unit.  This  paper  explains 
this  and  other  time-related  aspects  of  the  PLRS. 


TYPICAL  ARMY  AREA  OF  OPERATIONS 


The  PLRS  Employment  Concept  envisions  a  total  of 
five  active  Master  Units  per  corps,  .'ill  inter¬ 
operating  and  sharing  the  common  time-frequency 
resource  a»  a  single,  coordinated  non-interfering 
network.  The  Master  Units  would  be  deployed  to 
the  rear  of  four-on-line  divisions  and  the  reserve 
division  in  the  corps  area.  The  majority  of  User 
Units  would  be  deployed  near  the  FEBA,  with  still 
other  User  Units  used  as  relays  to  support 
communications  between  Master  Units.  In  this 
manner,  the  entire  corps  area  is  covered,  and  User 
Units  can  travel  freely  within  this  area  without 
loss  or  interruption  of  services.  (See  Figure  2) 


PLRS  COVERAGE  VIA  RELAYING 


In  order  to  acquire  units  that  are  beyond  Linu-of- 
Sight  (LOS)  of  the  Master  Unit,  the  PLRS  employs 
an  automatic  Integral  Relay  Concept.  This  tech¬ 
nique  allows  for  any  user  to  be  programed  and 
serve  as  a  relay.  Up  to  three  levels  of  relaying 
can  be  accommodated.  Units  that  are  within  LOS  of 
the  MU  are  called  "A"  Level  Users.  Units  thit  are 
within  LOS  of  the  "A"  Level  are  called  "B"  L-vel 
Users.  This  concept  is  extended  to  the  D  Level. 
This  automatic  relaying  feature  allows  for  the 
adaptive  rerouting  of  information  in  cases  where 
communication  paths  are  broken  by  rough  terrain, 
battle  damage  or  interference.  (See  Figure  3) 
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MULT1LATE RATION  TECHNIQUE 


Position  accuracies  of  7-15  meters  for  ground 
users  is  achieved  by  multilateration.  (See  Figure 
4)  Accurate  position  location  requires  each  user 
to  be  within  Line-of-Sight  of  at  least  three  other 
users  with  known  positions.  The  distances  between 
the  unit  to  be  updated  and  the  three  known  users 
is  calculated  by  measuring  the  length  of  time  it 
took  for  this  (UU  No.  3)  user's  signal  to  arrive 
at  each  of  the  three  known  user  locations.  By 
knowing  what  precise  time  User  Unit  No.  3  will 
transmit  and  the  time  of  arrival  of  this  message 
at  three  known  locations,  the  Master  Unit  can 
calculate  the  intersection  of  the  three  distances 
from  the  three  known  users  to  update  the  position 
of  Unit  No.  3. 


Figure  2 
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HU/UU  DATA  FLOW 


Figure  5  illustrates  the  Data  flow  between  the 
Master  Unit  and  the  User  Units. 

The  Master  Unit  sends  outbound  command  messages 
to  the  User  Units  who  report  back  Time-of-Arrival 
measurements.  The  User  can  request  information 
from  the  MU  by  Data  Input  messages.  The  MU 
answers  these  requests  via  the  Data  Output 
messages,  which  are  displayed  on  the  URO.  The  MU 
also  interfaces  with  Command  and  Control  elements 


SYNCHRONOUS  TIME  DIVISION  MULTIPLE  ACCESS 


The  PLRS  is  a  Time  Division  Multiple  Access  System 
(TDMA)  employing  direct  sequence  spectrum  spread¬ 
ing  and  frequency  hopping  over  a  frequency  range 
of  420-450  MHz.  The  PLRS  network  members  have 
effectively  synchronized  time  bases  thereby  allow¬ 
ing  for  one  way  Time  of  Arrival  (TOA)  measurements 
to  be  made  between  network  members.  These  TOA 
measurements  are  converted  to  ranges  at  the  Master 
Station.  Position  location  is  performed  by  pro¬ 
viding  the  TOA  measurements  from  the  network  mem¬ 
bers  to  the  MU  processor  where  new  position  loca¬ 
tion  updates  are  calculated.  Every  User  Unit  has 
its  own  time  that  it  should  transmit  or  perform 
other  programmed  operations.  Onfce  this  time  base 
is  synchronized  with  the  Master  Unit's  time  base, 
then  messages  can  be  sent  or  received  and  range 
measurements  made.  The  Master  Unit's  time  base 
acts  as  the  prime  timing  source  for  the  entire 
network  correcting  each  of  the  User  Unit  clocks 
whenever  they  require  it.  In  this  way,  the  timing 
oscillators  included  in  the  user  Units  need  to 
have  only  moderate  stability,  and  can  be  inexpens¬ 
ive  production  type 

The  fundamental  time  division  of  the  PLRS  is  the 
time  slot.  Each  of  the  PLRS  units  in  a  network 
takes  turns  transmitting  a  burst  of  radio  fre¬ 
quency  energy  in  a  time  slot  while  the  selected 
PLRS  units  listen.  The  time  slot  is  approximately 
2  milliseconds  long. 

The  frame  is  128  slots  and  is  precisely  250  milli¬ 
seconds  in  length.  The  significance  of  the  frame 
is  that  it  represents  the  maximum  rate  at  which  a 
User  Unit  can  generate  a  report  message  that  can 
be  processed  by  the  Master  Unit. 

The  epoch  has  256  frames  consisting  of  32,768  time 
slots  with  a  length  that  is  precisely  64  seconds 
long.  It  represents  the  minimum  rate  at  which  a 
User  Unit  can  generate' a  report  message  that  can 
be  processed  by  the  Master  Unit.  The  PLRS  network 
can  be  said  to  be  periodic  with  respect  to  the 
epoch.  This  is  why  there  is  a  carousel  type 
arrangement  displayed  in  Figure  6. 
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The  main  advantage  of  fully  synchronous  operation 
is  that  more  time  slots  are  made  available  for  net¬ 
work  users.  Since  the  Master  Unit  does  not  have  to 
contact  a  User  Unit  each  time  it  wants  to  transmit 
for  ranging,  a  great  number  of  time  slots  are 
freed  for  other  uses  or  users. 

PLRS  BURST  WAVEFORM  DESCRIPTION 

The  PLRS  transmission  waveform  consists  of  a 
single  burst  of  energy  per  time  slot,  as  shown  in 
Figure  7.  The  824.6  microsec  burst  consists  of 
4123  PN  (Pseudo  Noise)  Chips.  The  PN  Chip  is  the 
basic  signalling  element  of  the  PLRS  CPSM  Waveform. 
The  PLRS  PN  Chip,  of  200  nSec  duration,  phase  modu¬ 
lates  the  transmitted  PLRS  carrier  frequency. 


The  PLRS  burst  transmission  consists  of  five  seg¬ 
ments:  (1)  Power  Rise;  (2)  Preamble;  (3)  Buffer; 

(4)  Data;  and  (5)  Power  Fall. 

The  Power  Rise  and  Fall  times  are  used  to  reduce 
the  pulsed  sidebands  which  rapid  RF  power  switch¬ 
ing  would  create. 


The  320-chip-long  Preamble  of  the  PLRS  waveform 
allows  the  User  Unit  to  synchronize  (by  correlat¬ 
ing  the  received  message  with  a  stored  PN  refer¬ 
ence  pattern)  to  incoming  PLRS  signals  that  arrive 
at  an  unknown  time  (due  to  unknown  range  between 
users)  within  a  timeslot. 


In  the  Buffer  and  Data  portions  of  the  PLRS  wave¬ 
form,  19  PN  chips  are  grouped  (actually  MOD  2 
summed)  with  each  data  symbol.  The  buffer  portion 
of  the  PLRS  message  contains  12  symbols,  while  the 
data  portion  contains  182  symbols.  The  buffer 
portion  of  the  PLRS  message  allows  the  User  Unit 
to  refine  the  carrier  phase  and  time  tracking  pro¬ 
cesses  prior  to  actual  data  demodulation. 

The  182  symbol  Data  portion  of  the  message  is  an 
interleaved,  error  correction  encoded  version  of 
the  104-bit  baseband  data  message.  Ten  bits  of 
message  validation  (parity)  are  appended  to  94  bits 
of  actual  data  to  form  the  104-bit  message.  The 
first  19  bits  of  this  message  include  14  bits  of 
unit  ID  or  barometric  pressure  plus  a  5-bit  message 
header.  The  last  75  bits  of  the  94  bit  message  are 
the  75  bits  of  information  used  either  for  User 
Unit  control  and  reporting  with  PLRS  link  messages 
or  75  bits  of  data  from  the  user  data  I/O  device. 

The  information  transmitted,  (in  the  UHF  band  - 
420  -  450  MHz) ,  is  spread  to  a  bandwidth  of 
approximately  3  MHz  (3  dB)  by  modulation  with  a 
5  Mpps  pseudonoise  code  sequence.  Each  time  a 
User  Unit  or  Master  Unit  transmits  a  burst,  that 
signal  burst  is  spread  by  the  5  Mpps  code.  The 
spread  spectrum  signaling  format  provides  a  low 
density  signal  spectrum  that  reduces  detection  by 
would-be  interceptors  and  that  offers  minimum 
interference  to  other  co-channel  users. 
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Figure  7 

DATA  TRANSMISSION  PROCESS 

Figure  8  illustrates  the  functional  processing 
done  to  transmit  a  PLRS  burst  transmission.  Raw 
digital  data  in  groups  of  94  bits  per  message  are 
fed  to  the  Validation  Encoding  Logic.  The  message 
validation  encoding  process  uses  a  cyclic  redun¬ 
dancy  checking  algorithm  to  generate  10  parity 
bits  which  are  appended  to  the  94  bits  of  data. 

The  resulting  104  bits  are  then  encrypted  by  the 
SDU  and  sent  to  the  error  correction  encoding 
function.  Error  correction  encoding  is  a  7/4 
Hamming  coding  process  that  adds  3  check  bits  to 
each  4  unencoded  bits.  Thus,  the  104  input  bits 
result  in  182  (7/4  x  104)  encoded  symbols.  These 
182  symbols  are  then  interleaved  to  minimize  burst 
error  interference.  After  interleaving,  the  PN 
code  is  modulo  2  added  to  the  data  stream,  the 
signal  then  is  passed  through  the  CPSM  modulator, 
and  finally  the  signal  is  amplified  and  frequency 
converted  for  transmission  at  UHF.  The  receiving 
process  is  the  exact  inverse  of  the  transmit 
process. 

The  data  process  of  message  validation,  error 
correction,  and  interleaving  provide  a  great  deal 
of  data  protection.  Interleaving  of  error  correc¬ 
tion  encoded  symbols  protects  data  against  burst 
signal  interference  up  to  100  microseconds  in 
duration.  Error  correction  encoding  and  decoding 
allows  a  lower  data  detection  threshold  Signal-to- 
Noise  Ratio  over  an  unencoded  system  and  tolerates 
one  symbol  per  word  in  error,  with  perfect  correc¬ 
tion.  Message  validation  detects  whether  the 
received  message  contains  any  residual,  uncor¬ 
rected  errors.  The  combination  of  these  data 
protection  techniques  provides  nearly  error-free 
digital  data  communication  in  the  PLRS  system. 

One  other  technique,  that  of  unique  addressing  and 
message  acknowledgement,  is  used  for  critical  PLRS 
messages.  The  message  requiring  acknowledgement 
must  be  correctly  responded  to  by  the  commanded 
User  Unit  or  the  MU  will  repeat  the  message. 
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This  process  ensures  that  critical  commands  are 
received  totally  error-free  before  they  are  acted 
upon  by  a  User  Unit. 


DATA  TRANSMISSION  PROCESS 
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Figure  8 


TRANSACTION  GROUP 


The  128  time  slots  in  each  frame  sure  organized  as 
eight  groups  of  sixteen  non-contiguous  time  slots. 
Figure  9  shows  one  group.  Each  group  of  sixteen 
time  slots  may  be  used  for  a  complete  set  of  two- 
way  information.  Transfers  (or  transactions) 
between  the  MU  and  a  set  of  up  to  four  User  Units. 
Thus,  each  of  these  groups  is  termed  a  Transaction 
Group  (TG) .  Each  of  the  four  UU's  involved  in  a 
TG  is  operating  at  a  different  relay  level,  rela¬ 
tive  to  the  MU.  These  levels  are  defined  as  levels 
A,  B,  C  and  D  as  they  progress  outward  from  the  MU, 
as  designated  on  the  vertical  axis.  The  sixteen 
time  slots  in  each  TG  are  defined  sequentially  by 
time  slot  indices  (TSI)  0  to  15,  as  designated  on 
the  horizontal  axis.  Although  not  shown  on  the 
slide,  within  each  TSI  time  interval,  eight  time 
slots  occur  (numbered  time  slots  0  to  7) .  Each  of 
these  eight  time  slots  is  utilized  for  a  trans¬ 
action  involving  a  member  of  a  different  set  of  up 
to  four  User  Units.  Thus,  eight  TG's  are  time 
interleaved  across  each  frame. 


TIME  SYNCHRONIZATION 


To  maintain  time  synchronization,  the  system  per¬ 
forms  time  difference  measurements  (See  Figure  10) 
When  the  MU  transmits,  a  UU  measures  the  resultant 
TOA  and  reports  that  TOA  back  to  the  MU  in  the 
unit's  assigned  transmission  time  slot.  The  MU 
then  compares  the  TOA  report  with  its  own  TOA 
measurement  of  the  UU's  signal  to  determine  the 
UU's  Clock  Offset.  When  required,  the  MU  commands 
the  UU  to  correct  its  timing.  For  units  not  in 


direct  communication  with  the  MU,  a  lower  level 
unit  transmits  instead  of  the  MU.  The  timing  off¬ 
set  is  then  relative  to  this  lower  level  unit,  thus 
forming  a  timing  chain  back  to  the  MU.  A  simpli¬ 
fied  version  of  the  discrete  Kalman  filter  called 
the  CLOC  (Central  Logic  Oscillator  Control) filter 
is  used  to  obtain  estimates  of  each  UU's  clock 
offset  and  drift  rate  with  respect  to  the  MU's 
clock  (or  oscillator).  With  this  knowledge,  pre¬ 
cise  one-way  TOA  ranging  is  possible  without  using 
prohibitively  large  and  expensive  highly  stable 
oscillators  at  each  UU.  CLOC  provides,  as  required 
commanded  corrections  to  each  UU's  clock  offset 
and/or  frequency  to  keep  all  UU’s  nominally  synch¬ 
ronized  with  one  another. 
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OPERATION  OF  THE  CLOC  FILTER 

To  perform  one-way  TOA  ranging,  it  is  necessary 
that  the  difference  between  the  time  reference  of 
the  Master  Unit  (MU)  and  the  time  reference  of  the 
User  Unit  (UU)  be  known.  This  difference  is 
expressed  as  the  clock  offset  of  the  UU  with 
respect  to  the  MU.  The  function  of  the  CLOC  filter 
is  to  estimate  this  clock  offset,  as  well  as  the 
UU' s  clock  drift  rate  (i.e.,  the  rate  at  which 
the  offset  changes  with  time) . 

The  filter  processes  pairs  of  TOA  inputs  from  two 
cooperating  units  (See  Figure  11) .  In  the  case  of 
an  A  level  UU  (one  that  communicates  directly  with, 
the  MU) ,  the  pair  of  units  is  the  MU  and  the  A 
level,  UU.  The  relative  offset  information  is 
given  by  the  difference  of  the  paired  TOAs.  In 
this  case,  the  relative  offset  is  the  absolute 
offset  since  the  MU  is  assumed  to  have  perfect 
timing.  In  the  case  of  a  B  level  UU,  one  that 
communicates  with  the  MU  via  an  A  level  relay,  the 
pair  of  cooperating  units  is  the  A  level  UU  and 
the  B  level  UU.  In  this  case,  the  clock  offset 
and  drift  of  the  B  level  UU  with  respect  to  the  MU 
is  determined  by  knowing  the  absolute  offset  of 
the  lower  level  (A-level  in  this  case)  unit  and 
the  relative  offset  afforded  by  the  paired  TOAs. 

The  process  is  analogous  for  C  level  and  D  level 
UUs.  The  operation  of  the  CLOC  filter  is  the  same 
for  all  units  forming  the  inputting  pairs. 

C9 - 1 


i  j 

Figure  11 


I.reviously  predicted  relative  offset  to  obtain  the 
current  measurement  residual.  An  adaptive  gain 
is  applied  to  the  measurement  residual  to  provide 
a  correction  factor  for  the  predicted  estimate  of 
the  clock  offset  of  the  unit  with  respect  to  the 
MU  which  is  a  necessary  input  for  one-way  TOA 
ranging.  An  adaptive  gain  is  applied  to  the 
measurement  residual  to  account  for:  (1)  the  fact 
that  each  UU,  because  of  dual  relay  assignments, 
cooperates  with  two  other  lower  level  units  (thus, 
two  sources  of  timing) ,  (2)  the  length  of  time 
since  the  cooperating  unit's  clock  offset  was 
estimated. 

The  current  estimate  of  clock  offset  is  fed  back 
to  the  CLOC  filter  to  provide  the  previous  offset 
and  predicted  estimate  of  offset  for  comparison 
with  the  next  pair  of  input  TOA  measurements 
involving  the  same  two  cooperating  units.  The 
offset  is  predicted  by  linearly  extrapolating  the 
current  estimate  to  account  for  the  delay  between 
measurements.  The  delay  between  measurements  is 
counted  by  keeping  track  of  when  this  UU  was  up¬ 
dated  last.  The  current  estimate  of  relative  off¬ 
set  thus  becomes  the  previous  estimate  for  the 
next  pair  of  input  measurements  involving  the  UU. 

Application  of  the  measurement  relation  consists 
of  taking  the  current  predicted  estimate  of  the  UU 
clock  offset  and  the  predicted  estimate  of  the  co¬ 
operating  UU's  clock  offset  and  subtracting  these 
two  to  form  the  relative  offset.  The  predicted 
estimate  of  offset  for  the  cooperating  UU  is 
simply  obtained  by  extrapolating  its  previous 
clock  offset  to  the  time  of  occurrence  of  the  cur¬ 
rent  paired  TOA  measurements.  This  yields  the 
predicted  measurement  of  relative  offset,  to  which 
the  measured  relative  offset  is  applied  to  form 
the  measurement  residual. 


Clock  Drift  Rate  Estimation  -  The  correction  to 
the  clock  offset  is  partially  applied  to  the  drift 
rate  after  taking  into  account  the  passage  of  time 
since  the  last  estimate  of  drift  rate. 

Clock  Correction  Commands  to  UU  -  Whenever  the 
resultant  MU  estimates  of  UU  offset  or  drift  rate 
falls  outside  prescribed  limits,  a  command  is  sent 
to  the  UU  to  correct  its  clock  offset  or  frequency 
or  both.  Thus,  each  UU's  clock  is  permitted  to 
drift  while  still  maintaining  nominal  network 
synchronism,  hence,  the  name  "drift  synchroniza¬ 
tion"  . 


Clock  Offset  Estimation  The  input  measurements 
received  by  the  CLOC  filter  are  in  12.5-ns  counts 
representing  TOA  measurements  from  each  of  a  pair 
of  cooperating  units.  A  12.5-ns  increment  is 
selected  as  a  result  of  a  tradeoff  between  hard¬ 
ware  circuitry  considerations  and  TOA  accuracy 
requirements.  The  measurement  preprocessing  stage 
subtracts  one  input  TOA  count  from  the  other  and 
converts  the  result  to  nanoseconds.  The  output  of 
the  proprocassing  stage  is  thus  the  currently 
measured  clock  offset  of  one  unit  with  respect  to 
the  other.  This  measurement  is  compared  with  the 
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Summary 

A  laboratory  experiment  which  is  aimed  to  eva¬ 
luate  the  properties  of  a  frequency  standard  using 
the  hyperfine  transition  of  stored  mercury  Ions  Is 
described. 

About  106  Ions  of  199  mercury  isotope  are  con¬ 
fined  in  a  cylindrical  radiofrequency  trap.  The 
hyperfine  transition  at  a  frequency  of  about  40.5 
Ghz  is  observed  via  optical  pumping  produced  by 
the  ultraviolet  light  at  194  nm  which  is  emitted 
by  an  electrode  I  ess  ^g*  |amp. 

Presently  achieved  linewldth  and  signal  to 
noise  ratio  are  reported.  Storage  time,  optical 
pumping  and  relaxation  rates  are  given. 

A  frequency  control  loop  which  locks  the  fre¬ 
quency  of  a  5  MHz  quartz  crystal  oscil  lator  to  the 
hyperfine  frequency  of  stored  mercury  ion  is  des¬ 
cribed.  In  this  system,  pulses  delivered  by  the 
photomultipl ier  are  processed  digitally.  Optimal 
conditions  for  the  interrogation  of  the  hyperfine 
transition  are  specified. 

Preliminary  results  on  the  experimentally 
achieved  frequency  stability  are  reported.  We 
obtained  a  (t)  =  3.6  x  10"”  x-''2  for  35  s  <  t  < 

3  500  s.  y  This  frequency  stability  is  comparable 
to  that  of  commercially  available  cesium  beam  fre¬ 
quency  standards.  Prospects  for  improvement  by  a 
factor  of  ’0  at  least  are  discussed. 

Introduction 

Storage  of  ions  in  a  radiofrequency  trap  is 
a  very  promisslng,  and  now  well  known  technique'*2 
for  interrogating,  during  long  times,  a  microwave 
transition,  free  from  wall  perturbation  and  first 
order  Doppler  effect^. 

1 QQ  +  1 1 

Stored  Hg  looks  attractive  for  ap¬ 
plication  to  frequency  standards,  mainly  on  ac¬ 
count  of  the  high  value  of  the  frequency  of  its 
hyperfine  transition,  at  40.5  GHz. 

We  have  developed  experimental  techniques  for 
the  measurement  of  the  various  relaxation  times 
involved  in  the  microwave  transition  of  stored  199 
Hg*  Ions  12,  and  we  report,  here,  for  the  first 
time,  the  experimentally  measured  frequency  sta- 
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bllity  of  a  quartz  crystal  oscillator  which  Is  fre¬ 
quency  controlled  by  the  Amp  *  0  transition  of  ’99 
Hg*  stored  in  a  radiofrequency  trap. 

Experimental  set-up  for  the  observation  of  the  hy- 

perftne  transition  of  Hg* 

-  4 

As  shown  in  figure  1,  a  fortuitous  matching 
of  ,99Hg*  and  2(?2Hg*  energy  levels  is  used  to  se¬ 
lectively  pump  199  Hg*  from  the  F  ■  1  to  the  F  »  0., 
hyperfine  ground  state,  via  an  upper  excited  state  . 
A  microwave  excitation  mixes  the  two  F  «  1  and  F  «  0 
states  and,  consequently,  Increases  the  number  of 
ions  in  the  F  •  1  level  when  its  frequency  Is  close 
enough  to  rhe  frequency  of  the  hyperfine  transition 
in  the  ground  state.  The  fluorescence  light  emit¬ 
ted  by  the  Ions  in  the  excited  state  is  proportio¬ 
nal  to  the  ion  number  In  the  F  *  1  level.  This  light 
Is  then  used  to  probe  the  hyperfine  transition  13. 

In  our  experimental  set-up,  depicted  in  fi¬ 
gure  2,  Ions  are  confined  in  a  copper  cylindrical 
trap  ,4.  The  ring  diameter  Is  2  r =  38  mm.  The 
height  of  the  trap  Is  2z  *  rJl  ■  27  mm.  Two 
holes  provided  in  the  cylinder  allow  the  pumping 
light  to  pass  through  the  trap.  A  third  aperture 
Is  used  to  apply  the  microwave  excitation.  The  upper 
cap  of  the  trap  is  made  of  a  mesh  whose  transparen¬ 
cy  is  90  %,  In  order  to  observe  the  fluorescence 
light.  An  electron  beam  Is  Introduced  into  the  trap 
through  a  hole  drll led  at  the  contor  of  the  lower 
cap.  It  Ionizes  neutrals  of  a  low  pressure  mercury 
vapor. 

The  values  of  the  d.c.  and  a.c.  components  of 
the  confining  voltages  are  fixed  to  store  a  maxi¬ 
mum  number  of  Ions  in  the  trap  15*16,  They  are, 
respectively  :  V.  =  18V  and  V  *  250  V.  The  fre¬ 
quency  of  the  a.c.  voltage  Is  250  kHz.  In  such  con¬ 
ditions,  the  depth  of  the  effective  potential  well 
is  20  eV  about. 

The  trap  is  set  in  a  quartz  envelope,  with  a 
flat  window  transparent  to  the  U.V.  pumping  ra¬ 
diation,  at  194  nm.  At  the  opposite  of  the  window, 
a  light  trap  reduces  back  scattering  of  the  in¬ 
coming  light.  An  Ion-sputtering  pump  provides  a 
background  pressure  smal Ier  than  10” 7  Pa.  Two  mu¬ 
metal  magnetic  shields  reduce  the  earth  magnetic 
field  intensity  and  its  fluctuations,  and  two 
Helmoltz  colls  create  an  adjustable  homogeneous  ma¬ 
gnetic  field  parallel  to  the  trap  axis. 
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The  pumping  light  at  194  nm  is  produced  by  an 
electrodeless  spherical  lamp,  25  mm  in  diameter.  It 
contains  about  10  mg  of  mass  202  Isotope  of  mercury. 
The  pumping  beam  Is  carefully  collimated  by  two 
sharp  edged  diaphragms,  in  order  to  reduce  the  In¬ 
tensity  of  the  light  scattered  from  the  pumping 
beam.  A  flux  of  about  5  10 '2  photons  at  194  nm  en¬ 
ters  the  trap.  The  fluorescence  light  is  observed 
at  right  angle  from  the  direction  of  the  pumping 
beam,  In  a  large  solid  angle  of  1.84  steradlans.  A 
solar  blind  photomultiplier  and  an  interference  fil¬ 
ter  are  used  In  the  detection  path  In  order  to  block 
the  spurious  light  at  wavelength  different  from 
194.2  nm,  coming  from  the  pumping  beam,  the  thermo¬ 
cathode  and  from  fhe  atoms  excited  by  electron  Im¬ 
pact. 

As  shown  in  figure  3,  the  microwave  excitation 
at  40.5  GHz  Is  produced,  by  frequency  synthesis, 
from  the  5  MHz  quartz  crystal  oscillator  which  Is 
to  be  locked  on  the  hyperflne  transition.  In  a  first 
stage,  the  frequency  of  the  oscl I lator  Is  multiplied 
up  to  8  GHz.  It  Is  then  mixed  with  a  signal  at 
101.469...  MHz  delivered  by  a  frequency  synthesizer 
driven  by  the  same  5  MHz  oscillator.  The  upper  side 
band  at  about  8.1  GHz  Is  frequency  multiplied  by  a 
factor  of  5.  A  horn  couples  the  microwave  excita¬ 
tion  at  40.5...  GHz  to  the  Ions.  The  5  MHz  oscilla¬ 
tor  can  be  controlled  by  a  servo  loop  In  such  a  way 
that  the  frequency  of  the  microwave  excitation  equals 
the  frequency  of  the  hyperflne  transition.  This  con¬ 
trol  loop  will  be  described  latter. 


Resonance 
12 - 


It  can  be  shown  “  that  the  number  n.(w)  of 
ions  in  the  F  »  1  state  is  given  by  : 


n  j(w) 


21°(i  -\)  _ _ 

4V  F1  2Vl 


1 


ru>  -  u)o-j2 


(i) 


where  lQ  is  the  number  of  ions  produced  every  se¬ 
cond  in  the  trap  by  electron  impact  ;  y  is  the 
inverse  of  the  ion  storage  time  ;  y  issthe  optical 
pumping  rate  ;  T.  and  r„  are  the  total  longitudinal 
and  transverse  relaxation  rates,  respectively  ;  S 
is  the  saturation  factor  of  the  resonance  line  ; 
to  Is  the  resonant  angular  frequency  and  us  is  the 
angular  frequency  of  the  Interrogating  microwave 
signal.  17  1ft 
We  have  17’18  ; 


=  Y,  *  Ys  *  Yp 

(2) 

-  Y2  +  Ys  +  Yp/2 

(3) 

where  y.  and  y2  are  the  longitudinal  and  the  trans¬ 
verse  relaxation  rates  between  hyperfine  levels. 

They  are  related  to  charge  exchange  collisions'9 
spin  exchange  collisions,  motion  in  an  Inhomogenous 
d.c.  magretic  field  and  residual  Doppler  broadening. 

The  first  term  of  the  right  hand  side  of  equa¬ 
tion  (1)  gives  an  indication  of  the  efficiency  of 
the  optical  pumping  In  comparison  with  relaxation 
processes.  The  second  one  Is  the  term  of  Interest. 

It  increases  with  the  intensity  of  the  pumping  li¬ 
ght.  The  full  width  half  maximum  of  the  line  Is  : 


6w  *  2  Tj/  1 +S 

The  Ion  cloud  Is  very  dilute  :  Its  density  at 
the  center  of  the  trap  Is  typically  10®  lons/cm^. 

It  is  nevertheless  possible  to  observe  the  resonance 
line  with  a  good  signal  to  noise  ratio,  as  it  is 
shown  In  figure  4.  Each  point  of  this  record  has 
been  obtained  by  accumulating  during  1  s,  the  pul¬ 
ses  delivered  by  the  photomultiplier. 

The  width  of  the  Lorontzlan  curve  Is  8.8  Hz 
only,  for  a  saturation  factor  of  3.  The  resonant 
frequency  being  40.5  GHz,  the  quality  factor  of  the 
line  Is  close  to  5  x  109. 

The  height  of  the  line  Is  about  11  ^  of  the 
background.  The  background  light  Is  composed  of  the 
stray. light  due  to  Imperfections  In  the  optical 
system  and  of  that  part  of  the  fluorescence  light 
which  remains  when  the  microwave  excitation  Is  not 
applied  (see  equation  1).  Typical  values  of  these 
components,  presently  achieved  In  our  experimental 
set-up,  are  shown  In  figure  5. 

Measurement  of  the  relaxation  time 
constants  of  the  Ions 


Measurement  of  the  time  constants  of  the  va¬ 
rious  relaxation  processes  acting  on  the  stored 
Ions  Is  of  interest  to  analyze  the  physical  me¬ 
chanisms  involved  and  to  be  able  to  optimize  the 
operating  conditions. 

The  longitudinal  and  transverse  relaxation 
rates  y.  and  y2,  the  storage  rate  y  and  the  pum¬ 
ping  rale  y  oT  the  Ions  confined  in  the  trap  and 
excited  by  p  the  pumping  light  can  be  measured  by 
studying  the  fluorescence  light  In  various  steady 
state  and  transient  state  experiments  '2. 

Figure  6  shows  a  sketch  of  the  experimental 
procedure 

-  the  width  of  the  line  gives  the  value  of  the 
total  transverse  relaxation  rate  r2  when  extrapolated 
to  zero  microwave  power  as  shown  by  equation  (4). 

The  value  of  the  saturation  factor,  for  a  given  mi¬ 
crowave  power  is  there  known, 

-  the  ratio  of  the  fluorescence  background 
and  of  the  height  of  the  resonance  line  gives  the 
value  of  Tj/y  .  See  equation  (1), 

-  the  p  transient  behavior  of  the  fluores¬ 
cence  signal  after  the  microwave  excitation  Is 
switched  off  '2  gives  Tj,  and,  consequently  y  , 

-  the  transient  behavior  of  the  fluorescence 
signal  when  ions,  excited  by  a  Hg+  lamp,  are 
allowed  to  be  stored  in  the  trap  gives  the  value 
of  ys  2,  and  consequently  of  y^  and  y2. 

This  last  experiment  is  made  possiole  because 
the  d.c.  component  of  the  voltage  applied  to  the 
trap  can  be  switched  rapidly  between  two  values. 

One  of  them  is  such  that  Ions  cannot  be  confined, 
and  the  other  one  corresponds  to  optimum  storage 
capability.  Such  an  experiment  cannot  be  done  with 
a  Rb  cell  for  instance. 


The  following  set  of  relaxation  rates 


has  been  measured 

Y1 

*2 

*  n 


*1.0+  0.6  s 
=  8.4  +  1.1  s 
«  2.3  +  0.3  s 
=  2.6  +  0.3  s 


-1 

1 

-1 


(5) 
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Frequency  control  of  a  5  MHz  quartz  crystal  oscil¬ 
lator  by  the  frequency  of  the  hyperfine  transition 
of  the  ions 


The  synthesizer  used  in  the  frequency  synthesis 
chain  Is  modulated  such  that  the  angular  frequency 
of  the  microwave  interrogating  signal  is  square- 
wave  frequency  modulated  with  a  period  of  3  s,  bet¬ 
ween  two  values  to.  and  to?  on  both  sides  of  the  re¬ 
sonance  line.  The  frequency  of  the  VCXO  is  control¬ 
led  In  order  that  the  fluorescence  Intensity  is  the 
same  for  both  frequencies  (figure  7). 


The  two  values  of  the  response  of  the  atomic 
medium  are  not  compared  analogically,  as  usual,  but 
digitally,  as  shown  In  figure  8.  Photoelectron  pul¬ 
ses  delivered  by  the  photomultiplier  are  up-counted 
when  the  angular  frequency  is  and  down-counted 
when  the  angular  frequency  is  u)?.  The  result  of  an 
up  then  down  cycle  is  added  to  The  previous  ones 
and  stored  in  a  buffer  register.  It  can  easily  be 
shown  that  this  process  acts  as  an  integrator  fol¬ 
lowed  by  a  sampling  and  hold  circuit,  which  opera¬ 
tes  on  a  quantity  proportional  to  -  (tOj  + 

The  digital  information  delivered  by  the  buffer 
register  is  converted  into  an  analog  voltage.  It  is 
applied  to  the  varactor  of  the  oscil lator  via  an 
integrator  with  transfer  function 


H(p) 


1  ♦  T)P 
T2P 


(6) 


The  effect  of  a  slow  drift  of  the  background 
light  intensity,  if  any,  Is  removed.  This  Is  done 
with  the  following  algorithm,  depicted  on  figure  9: 
one  counts  up  during  the  first  quarter  of  the  cycle, 
down  during  the  second  and  third  quarters  and  up 
again  during  the  last  quarter.  A  dead-time  of  about 
0.1  s  between  countings  eliminates  the  spurious 
effect  of  transient  regimes  In  the  frequency  of  the 
microwave  signal  and  in  the  response  of  the  ions. 


Optimal  conditions  for  the  interrogation 
of  the  transition 


It  can  be  shown  that  the  one-sided  power  spec¬ 
tral  density  S  of  fractional  frequency  fluctuations 
of  the  controlled  quartz  crystal  oscillator  Is  ap¬ 
proximately  given  by  : 


S  »  —  ■ 

y  2 , 


8TT2 


(7) 


3u)  (u>  ♦  u)  ) 
o  "  m 


S.  is  the  one-sided  power  spectral  density  of  the 
flux  of  photo-electrons.  I  is  the  mean  value  of  this 
flux  when  the  microwave  angular  frequency  is  u 
w_  ■  (w,  “  <u?)/2  is  the  depth  of  the  angular 
oulation. 


"m  ""1  . 

frequency  mo 


3  j 

The  optimum  value  of  «m  is  such  that  |-^jj  Is  a 

maximum.  It  can  be  seen,  from  equation  (1),  that 

this  is  obtained  for  <■>  *  (u  )  ,  given  by  : 

m  m  opt 

(<i>  )  .  «  /$6(i)/6  «  0.29  (8) 

m  opt 


x  This  expression  is  valid  for  Fourier  frequencies 
smaller  than  the  cut-off  frequency  of  the  closed 
loop  system. 


Equation  (7)  then  becomes 


8  6(0 
27  w2<2 

o' l 


Sl  * 


n  30  _  <; 

(i)  I „ 
o'fc 


(  9) 


where  I,  is  the  flux  of  photoelectrons  which 
represents  the  height  of  the  atomic  line  *. 

It  can  be  seen,  from  equations  (I)  and  (4) 
that  the  quantity  6(i>/l.  1 4  a  minimum  when  the  sa¬ 
turation  factor  S  equals  Its  optimum  value  S  . 
given  by  :  p 


We  then  have 


S  . 
opt 


2 


(-A 

6(i)  max 


»  K  n 


(10) 

(11) 


where  n  is  the  total  number  of  stored  ions  and  K 
is  a  constant  which  depends  on  the  efficiency  of 
the  optical  system. 

2 

Obviously,  the  quantities  K,  n  and  Y./r^ 
must  be  made  as  large  as  possible.  This  p 
means  that  :  I)  the  solid  angle  for  observation  of 
the  fluorescence  light,  and  the  quantum  efficiency 
of  the  photomultiplier  must  be  large  ;  II)  the 
storage  conditions  are  optimized,  the  ion  creation 
rate  and  the  storage  time  are  large  enough  and 
III)  the  pumping  rate  y  is  the  main  contribution 
to  total  relaxation  ratSs  Tj  and  ^ 


Equation  (9)  also  shows  that  S.  should  be  as 
small  as  possible.  This  practically  means  that  the 
light  scattered  from  the  optical  pumping  beam  must 
be  made  as  small  as  possible. 

If  one  assumes  that  the  fluctuations  on  the 
flux  of  photoelectrons  are  only  due  to  shot  noise, 
it  can  easily  be  seen  from  equation  (9)  that  the 
square  root  of  the  two  sample  variance  20  0f  the 
fractional  frequency  fluctuations  of  the  controlled 
quartz  crystal  oscillator  is  the  following  : 


a  (x)  *  0.54  — 

y  I. 


1/2 


(12) 


where  I.  is  the  flux  of  photoelectrons  for  u  = 
u)  +  umT  It  has  been  experimentally  checked  that 
tfie  power  spectral  density  S|  is  close  to  the  shot 
noise  I Imit. 


Measured  frequency  stability  of  a  5  MHz  quartz 
crystal  oscil lator  controlled  by  the  hyperfine 
transi tlon  of  Hg* 


The  fractional  frequency  stability  of  a  5  MHz 
quartz  crystal  oscillator  which  Is  controlled  by 
the  hyperfine  transition  of  '99  Hg+  has  been  mea¬ 
sured.  The  reference  oscillator  was  a  5  MHz  VCXO 
phase  controlled  by  a  hydrogen  maser  21,  The  fre¬ 
quency  of  the  two  oscillators  was  multiplied  up  to 
400  MHz,  as  shown  in  figure  10.  The  fluctuations 
of  the  period  of  the  beat  note  arj  processed  in 
order  to  measure  the  square  rov.  Owtx)  of  the  two- 
sample  variance  of  the  fractional  ”  frequency  fluc¬ 
tuations  of  the  oscillator.  The  cMt)  graph,  in 

x  |.  is  the  difference  between  the  flux  of  photo- 
eiectrons  when  w  =  u>0  and  |w  -  (i>0l  »  6u>. 
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the  range  10  s  <  x  <  3  500  s  Is  shown  in  figure  II. 
We  have,  in  that  range  : 

<j  (T)  .  M.*  1°  -  (13) 

y  /F 

In  this  measurement,  the  parameters  u  and  S  vtere 
adjusted  to  their  optimum  values,  given  by  equations 
(8)  and  (10),  and  relaxation  rates  were  similar  to 
those  given  by  equations  (5). 

For  the  purpose  of  comparison,  the  specified 
frequency  stability  of  three  models  of  commercially 
available  Cs  beam  frequency  standards  Is  depicted  In 
the  same  figure.  The  achieved  frequency  stability  Is 
thus  quite  comparable  to  that  of  manufactured  Cs 
beam  frequency  standards. 


Prospects  for  further  improvements 


The  performances  of  a  frequency  standard  based 
on  the  hyperfine  transition  of  stored  199Hg+  are 
promisslng.  Improvement  of  the  frequency  stability 
looks  possible  when  the  present  conditions  of  ope¬ 
ration  of  our  experimental  set-up  are  compared  to 
those  discussed  previously  In  this  paper. 


qht  detected  by 


photomult  I  pi ler 


The  background  light  contributions  shown  In 
figure  5  should  be  made  as  small  as  possible.  In 
our  measurements,  the  stray  light  is  responsible 
for  83  %  of  the  background.  Reducing  It  to  zero 
would  Improve  the  frequency  stability,  characteri¬ 
zed  by  a  ( T) ,  by  a  factor  2.1. 


perf Ine  I ine  shape 


Equations  (2)  and  (3)  show  that  the  asymptotic 
value  of  the  ratio  Y2/r,r  -which  defines  the  effect 
of  the  line  shape  onpthi  2  frequency  stability-  is 

2.  The  typical  value  obtained  In  our  experiments  Is 
.1  .  This  shows  that  the  frequency  stability  could 
be  improved  by  another  factor  of  20  by  reducing  the 
relaxation  rates  Y,«  Y2  an<*  Y_.  1+  Is  possible  to 
decrease  the  value  of  z  y  ats  least  by  Introducing 
a  light  buffer  gas  10  such  as  helium,  under  low 
pressure  ( 10~3  pa)  jn  the  vacuum  tank.  Another 
benefit  of  the  buffer  gas  would  be  to  Improve  the 


number  of  stored  ions. 


The  other  way  to  obtain  a  larger  value  of  the 
ratio  Yp/r,r2  is  lo  enhance  the  intensity  of  the 

pumping  light.  If  the  other  relaxatioi  rates  are 
kept  constant,  the  effect  on  the  stability  is  less 
pronounced  than  in  the  previous  method,  if  rejection 
of  the  light  scattered  from  the  pumping  beam  Is  not 
simultaneously  improved.  In  that  case,  the  frequency 
stability  should  be  Increased  by  a  factor  of  about  3. 


We  then  conclude  that  It  seems  possible  to  Im¬ 
prove  the  short  term  frequency  stability  of  the 
controlled  quartz  crystal  oscillator  by  a  factor  of 
10  at  least. 


Obviously,  the  long  term  frequency  stability  and 
reproducibility  of  this  new  atomic  frequency  stan¬ 
dard  must  be  Investigated.  This  requires  measurement 
of  pressure  shifts  (effect  of  collisions  with  neu¬ 
ral  mercury  and  with  buffer  gas,  when  added),  of 
light  shift,  of  second  order  and  residual  first 
order  (if  any)  Doppler  shifts  with  and  without 
light  buffer  gas. 


We  would  like  to  thank  the  "Centre  de  Spectro- 
m6trle  Nucl6alre  et  SpectromStrle  de  Masse"  22 
which  kindly  supplied  mercury  Isotopes. 
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Fig.  2  :  Schematic  of  the  experimental  set-up. 


:iq.  1  :  Simplified  energy  diagram  of  the  199  Hg+ 
3  ancj  202  Hg+  levels  involved  in  the 
experiment. 


40,5.. .GHz/ 0,1  to  4mW 


i  Counting  rate  (s-l) 


8.1GHz/4mW 


0,l...GHz/  50  mW 


57000. 

56000. 

55000 

54000 

53000 

52000 

51000 


o 

o 

o 

o 

CO 

CO 

o 

o 

o 

GO 

CO 

£ 

*3 

tn 

po 

ro 

rx 

o 

o 

o 

ID 

ID 

ID 

o 

o 

1 

O 

1  ^ 

Fig.  4  :  Experimental  record  of  a  199  Hg+  micro 
wave  resonance  line. 


Fig.  3  :  Frequency  synthesis  of  the  40.5  GHz 
excitation. 


Fig.  5  :  Typical  values  of  the  background  stray 
light,  the  background  fluorescence  and 
the  resonance  curve  height. 


Fig.  6  :  Scheme  of  the  different  experimental  steps 
for  measuring  the  relaxation  time 
constants  of  the  ions. 


Fig.  8  :  Scheme  of  the  digitally  based  control 
loop  of  the  5  MHz  oscillator. 

Fig.  7  :  Frequencies  used  for  the  interrogation  of 
the  resonance  line. 
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Fig.  10  :  Measurement  of  the  199  Hg  + controlled  5 
5  MH  oscillator  frequency  stability. 


Fig.  9  :  Counting  sequence  which  eliminates  slow 
drift  of  the  background  light  intensity. 


Fig.  11  :  Measured  fractional  frequency  stability 
of  the  199 Hg+  controlled  5MHz  quartz 
crystal  oscillator.  Open  circles 
represent  experimental  points.  Error 
bars  are  specified.  The  bold  line 
represents  the  least-square  fit  of 
experimental  data.  Thin  lines  show  the 
specified  frequency  stability  of  three 
commercially  available  Cs  beam  frequency 
standards. 
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NEW  HYDROGEN  MASER  DESIGNS 


H.  E.  Peters 


Sigma  Tau  Standards  Corporation 
P.O.  Box  1877,  1014  Hackberry  Lane 
Tuscaloosa,  Alabama  35403 


Summary 

Two  new  atomic  hydrogen  maser  frequency  stand¬ 
ards  have  been  designed  at  Sigma  Tau  Standards  Cor¬ 
poration  which  incorporate  significant  improvements 
over  older  designs,  and  which  should  enhance  the 
future  utility  and  practical  applicability  of 
these  standards. 

The  first  of  these  standards,  the  "Small 
Hydrogen  Maser,"  is  based  upon  a  new  approach  to 
cavity  resonator  and  storage  bulb  assembly  design 
which  provides  a  factor  of  two  or  more  reduction  in 
linear  dimensions,  and  a  factor  of  eight  or  more  . 
reduction  in  weight  and  volume  over  older  designs. 
This  new  approach  to  a  reasonably  price  hydrogen 
maser  is  being  supported  by  the  United  States  Air 
Force7  and  the  first  breadboard  test  maser  using 
the  new  principle  is  presently  under  construction. 
Features  of  this  new  design,  as  well  as  laboratory 
results  will  be  presented  in  this  paper. 

The  second  hydrogen  maser  design  has  been 
undertaken  „li.h  the  support  of  the  United  States 
National  Bureau  of  Standards.  This  maser  is  con¬ 
ventional  in  principle,  but  incorporates  several 
improvements  in  subsystems  such  as  the  vacuum 
system,  state  selector,  temperature  control,  re¬ 
ceiver  electronics,  and  instrumentation.  The  most 
significant  new  feature  is  in  the  construction  of 
the  cavity  resonator.  The  new  maser  incorporates  a 
dielectric  (fused  silica)  cavity  cylinder  within  an 
aluminum  outer  cavity  which  is  itself  well  isolated 
and  under  exceptionally  good  temperature  control. 
Thus  transient  effects,  thermal  gradients,  and 
pulling  due  to  RF  leakage  are  minimized. 

Key  word 3  (for  information  retrieval) 

Frequency  Standard,  Hydrogen  Maser,  Maser  Standard. 


Introduction 

Atomic  hydrogen  masers  of  all  designs,  sizes, 
shapes  have  certain  basic  features  in  common,  and 
advances  in  design  technique  usually  apply  general¬ 
ly.  The  present  paper  will  be  concerned  only  with 
active  oscillator  hydrogen  masers,  and  emphasize 
in  particular  those  features  which  are  novel. 


The  only  fundamental  differences  in  the  two 
designs  to  be  presented  is  in  the  storage  bulb  and 
cavity  configuration.  But  to  enhance  the  basic 
size  advantage  of  the  first  design,  the  "Small 
Hydrogen  Maser"  (SHM),  a  significant  effort  has 
been  made  to  miniaturize  and  optimize  subsystems 
such  as  hydrogen  supply,  source,  and  state 
selection,  in  addition  to  the  primary  goal  which 
was  to  demonstrate  a  new  approach  to  realization 
of  a  small  storage  bulb  and  resonator  structure. 
Thus  most  of  the  new  design  features  described 
herein  were  associated  with  the  small  hydrogen 
maser  development. 


The  Small  Hydrogen  Maser 

The  basic  principles  upon  which  the  small 
hydrogen  maser  is  based  were  presented  two  years 
ago  at  the  32nd  Annual  Frequency  Control  Sympo¬ 
sium.1  The  most  important  design  criteria 
considered  for  this  new  maser,  in  order  of 
precedence  were:  1.  Long  term  stability  -  no 
degradation  of  performance  in  relation  to  the  best 
conventional  hydrogen  masers;  2.  Short  and 
medium  term  stability  of  1  x  10-1^  (100  seconds) 
and  less  thar.  1  x  10_14  (1,000  seconds)  over  the 
normal  variations  of  environment  and  power  supply; 
3.  Size  10  inches  diameter  by  20  inches  long,  ex¬ 
clusive  of  pump  and  controls;  4.  Weight  50  pounds 
maximum;  6.  Power  required  50  watts  maximum. 

Figure  1  is  a  generalized  drawing  of  the  small 
hydrogen  maser  which  identifies  the  main  parts. 
Figure  2  is  a  photograph  of  the  lower  assembly 
showing  the  hydrogen  supply  system,  source 
dissociator,  and  excitation  circuit.  Figure  3 
is  a  picture  of  the  vacuum  enclosure  just  after 
welding  and  leak  checking,  and  shows  the  dis¬ 
position  of  the  external  vacuum  pump.  An  8  liter 
per  second  pump  is  illustrated,  however  a  20  liter 
per  second  pump  is  being  used  on  the  first  maser 
breadboard  test  assembly  to  facilitate  various 
operational  tests  and  evaluations.  Figure  4 
shows  most  of  the  mechanical  parts  just  prior  to 
assembly. 

Storage  Bulb  Resonator 

The  most  important  part  of  the  small  hydrogen 
maser  concept  is  the  atom  storage  bulb  and  reson¬ 
ator  structure,  seen  in  Figures  1  and  4.  The  bulb 
is  fused  quartz,  two  inches  diameter  by  seven 
inches  long,  with  four  copper  electrodes  attached 
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to  the  outer  surface;  it  is  coated  internally  with 
FEP  120  teflon,  and  is  supported  by  a  pyrex  glass 
tube  attached  to  the  outer  cavity  cylinder  bottom. 
The  outer  cavity  cylinder  is  made  of  OFHC  copper. 
The  loaded  Q  of  the  first  unit  is  10,000  and  it 
has  a  filling  factor  of  .70.  The  temperature 
sensitivity  of  frequency  of  this  assembly  is 
5  x  10-®/°C,  which  is  a  very  significant  improve¬ 
ment  (  a  factor  of  7)  over  designs  of  large  masers 
using  aluminum  cavities. 

Several  other  bulb  and  cavity  configurations 
were  tested  prior  to  deciding  upon  the  above. 
Cavity  Q's  of  over  16,000  were  obtained  with  a 

3  inch  diameter  by  7  inch  long  bulb  having  8 
electrodes  on  its  surface  and  mounted  in  a  6.6 
inch  diameter  by  11  inch  long  outer  cavity. 
Adequate  Q's  were  also  obtained  with  2,  3,  and 

4  electrodes  on  2  inch  diameter  by  7  inch  long 
bulbs  in  a  range  of  sizes  of  the  outer  cylinder. 
The  present  design  was  chosen  for  first  tests  as 
it  combines  a  high  filling  factor  with  adequate 
Q,  has  a  relatively  low  temperature  variation  of 
frequency,  and  minimizes  the  magnetic  field  volume 
which  must  be  kept  homogeneous  over  the  bulb 
region. 

State  Selection 


A  novel  state  selection  system  has  been 
designed  for  tests  in  this  maser.  It  uses  two 
miniature  quadrupole  magnet  focusers  in  series, 
with  a  low  field  shielded  region  between  where  the 
magnetic  field  reverses  direction.  Both  the  two 
upper  hyperfine  states  are  focused  upon  passage 
from  the  source  through  the  first  state  selector, 
but  the  reversal  of  field  between  focusers 
changes  the  (1,  1)  state  to  a  (1,  -1)  state,  i.e. 
the  magnetic  moment  changes  sign  in  relation  to 
the  field;  thus  only  (1,  0)  state  atoms  are 
focused  upon  passage  through  the  second  ctate 
selector,  and  pass  into  the  storage  bulb. 

With  the  above  system  the  maser  will  oscillate 
with  up  to  a  factor  of  2  lower  cavity  Q  and/or  one 
may  use  much  longer  storage  times.  Thus  cavity 
pulling  will  be  reduced,  and  the  design  safety 
factor  for  operation  under  adverse  conditions  is 
improved.  One  of  the  new  state  selectors  can  be 
seen  next  to  the  storage  bulb  assembly  in 
Figure  4. 

Hydrogen  Supply  and  Source 

to  minimize  the  size  and  weight  of  the  hy¬ 
drogen  supply,  a  new  hydrogen  supply  system  has 
been  designed  and  constructed.  It  consists  of  a 
small  storage  bottle  using  a  metal  hydride  absorb¬ 
er  followed  by  a  palladium  silver  purifier  and 
control  valve  and  thermistor  pirani  gauge.  An 
electronic  servo  stabilizes  the  pressure  in  the 
source  dissociator  bulb.  The  storage  bottle  is 
seen  in  Figures  2  and  4.  The  sealed  off  bottle 
contains  2.62  grams  of  hydrogen  absorbed  in  200 
grams  of  LaNiAl  metal,  which  is  sufficient  for  over 
50  years  of  maser  operation.  The  hydrogen  may  be 
easily  replenished  when  required.  Also  in  Figure 
2  the  palladium  purifier  (in  black  silicone 


rubber  thermal  insulation)  and  pirani  gauge 
assembly  may  be  seen,  as  well  as  the  pyrex  glass 
source  dissociator  and  excitation  circuit. 

Magnetic  Shields 

Four  concentric  cylindrical  magnetic  shields 
are  used,  these  may  be  seen  in  Figure  4.  Two  of 
these  are  within  the  vacuum  enclosure,  and  two  are 
outside.  The  shielding  factor  of  this  configura¬ 
tion  is  calculated  as  1  x  10®,  and  so  the  small 
hydrogen  maser  should  be  relatively  insensitive 
to  external  field  variations. 


The  Full  Size  Hydrogen  Maser 


The  technology  of  atomic  hydrogen  masers  in 
the  full  size  format  is  relatively  mature,  with  a 
developmental  history  of  approximately  20  years. 
However  most  units  in  use  in  the  field  are  of 
older  designs  which  do  not  represent  the  latest 
state  of  knowledge;  and  due  to  the  disadvantages  of 
cost,  size,  and  weight  there  have  been  no  recent 
units  developed  which  are  commercially  available. 
Yet  for  many  purposes  in  time  and  frequency  stand¬ 
ards  work  the  hydrogen  maser  would  be  invaluable. 

As  a  first  step  in  a  program  with  the  ultimate 
goal  ox'  aquiring  state  of  the  art  hydrogen  maser 
standards,  the  United  Status  National  Bureau  of 
Standards*  contracted  with  Sigma  Tau  Standards 
Corporation  to  provide  design  drawings  and 
circuitry  for  a  hydrogen  maser  frequency  and  time 
standard  representative  of  the  latest  technical 
knowledge.  This  work  is  now  complete. 


The  full  size  Hydrogen  Maser  has  the  following 
anticipated  charateristics  and  design  goals: 

-13 

Stability  maximums,  short  term  1  x  10 

1  second  varying  as  T-*,  long  term 

2  x  10-1®  at  1  day< 


Settability,  by  direct  digital  synthesis  with 
a  range  of  -  5  x  10”^,  resolution  ±  3  x  10-*® 

Reproducibility,  ±  2  x  lO-^. 

-12 

Accuracy  ±  2  x  10  ±  IAT  error. 


Automatic  cavity  tuning  capability. 

-14 

Magnetic  Field  sensitivity,  ±  1  x  10  for 
±  1  Gauss  Ambient. 


Other  environmental  factors  no  worse  than 
i  1  x  10-14  for  normal  laboratory  variations. 

Power  input  115/220  VAC  100W,  22-30VDC 
70W,  with  facility  for  uninteruptable  power 
and  automatic  charging  of  internal  or 
external  batteries. 

Controls,  full  instrumentation  with  multiplexed 
external  monitoring  capability  and  multifunc¬ 
tion  alarms. 
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Some  other  design  characteristics  o£  interest 
are,  bulb  size  5.4  liter  volume,  design  line  Q 
3  x  10’  or  higher,  cavity  Q  4  x  10^:,  filling 
factor  .50,  oscillator  power  output  2  x  10“^  watts 
minimum,  3. level  cavity  thermal  control  system, 
cavity  fused  silica  with  copper  metalization  with¬ 
in  an  aluminum  external  cavity.  The  maser  has  a 
dual  vacuum  system  so  that  the  storage  bulb  is 
pumped  separately  for  maximum  elimination  of  back¬ 
ground  gasses.  Both  pumps  are  replaceable  without 
breaking  the  main  vacuum  seals.  The  overall 
dimensions  are  45  inches  high  by  19  inches  square. 

Aluminum  vs  Dielectric  Cavity  Construction 

One  of  the  most  important  features,  which  de¬ 
parts  from  the  design  practice  of  other  masers 
constructed  by  the  writer,  is  the  composite 
dielectric  -  metal  cavity  design.  This  deserves  a 
short  discussion. 

In  the  operational  history  of  hydrogen  masers 
using  aluminum  cavities  over  many  years, ’  the 
thermal  drift  data  for  the  temperature  control 
system  has  become  well  known  because  these  masers 
used  cavity  auto-tuners  and  data  on  cavity  fre¬ 
quency  corrections  were  most  usually  recorded. 
Typically  the  daily  linear  drift  corrections  were 
about  1  x  10“14  or  less  as  referred  to  the  maser 
output  frequency.  From  this  the  equivalent  ther¬ 
mal  control  system  drift  is  calculated  to  be  of 
the  order  of  3  x  10”^  °C  per  day  or  less.  Since 
aluminum  has  a  thermal  expansion  coeficient  of 
about  2.5  x  10-5  per  °C  at  the  cavity  temperature, 
one  might  expect  that  masers  using  a  lower  ex¬ 
pansion  coeficient  material,  such  as  fused  silica, 
for  the  cavity  would  have  a  much  lower  drift.  For 
example,  a  cavity  related  daily  drift  of  only 
2  x  lO-^  might  be  expected. 

In  practice,  masers  using  low  expansion 
dielectric  materials  for  the  cavity  have  not  per¬ 
formed  significantly  better  than  those  using 
aluminum.  Consideration  of  inherent  material 
stability  properties  would  lead  one  to  suppose 
that  proper  design  of  a  nr  ?r  using  a  low  expansion 
dielectric  material  for  the  cavity,  in  conjunction 
with  t'.e  good  thermal  regulation  systems  used  with 
the  metal  cavity  masers,  would  lead  to  an  order  of 
magnitude  or  better  long  term  drift  performance. 
Such  a  design  has  been  incorporated  in  the  new 
large  hydrogen  maser. 

Large  M.  ser  Cavity  Assembly  Design 

Figure  5  is  a  drawing  showing  the  essentials 
of  the  cavity  assembly  used  in  the  new  large 
hydrogen  maser.  There  is  a  large  quartz  storage 
bulb  supported  within  a  fused  silica  cylinder 
which  has  copper  metallization  internally.  This 
cylinder  is  supported  within  an  outer  aluminum 
cavity  structure  thermodynamically  similar  to 
that  used  on  good  aluminum  cavity  masers  in  the 
past.  Temperature  control  is  used  to  fine  tune 
the  frequency  of  this  composite  cavity,  but  due  to 
the  silica  "liner"  the  sensitivity  is  approxi¬ 
mately  3  KHz  per  °C,  instead  of  35  KHz  per  °C  for 
aluminum.  Other  factors,  such  as  lower  coupling, 


better  thermal  shielding,  and  improved  sensors 
have  also  been  incorporated  into  this  design; 
therefore  improved  long  term  stability  per¬ 
formance  is  anticipated. 

Relative  Merits  -  Large  vs  Small  Maser 

The  most  significant  advantage  of  the  large 
hydrogen  maser  over  the  small  one  relates  to  the 
storage  bulb  size.  The  maser  wall  shift,  as  well 
as  the  miximum  line  Q  achievable,  depends 
explicitly  upon  the  surface  area  to  volume 
ratio  of  the  bulb.  This  reduces,  for  similarly 
shaped  bulbs,  to  a  variation  with  the  inverse 
diameter.  Thus  the  large  maser,  with  a  5.4  inch 
diameter  bulb,  will  have  a  wall  shift  about  2.7 
times  smaller  than  that  of  a  small  maser  with 
a  2  inch  diameter  bulb,  and  the  large  maser 
will  have  a  similarly  better  line  Q.  Thus  for 
very  long  term  stability  on  an  auto-tuned  maser, 
for  reproducibility  and  accuracy  as  required  by 
basic  frequenc"  and  time  standards  laboratories, 
the  large  maser  has  a  significant  advantage. 

In  most  other  respects  the  small  hydrogen 
maser  has  the  advantage.  Oscillation  level  and 
power  output  are  no:  significantly  different. 

Thus  the  SHM  should  exhibit  the  excellent 
stability  characteristics  inherent  in  hydrogen 
masers.  Magnetic  shielding  is  easier  in  the 
small  hydrogen  maser,  less  power  is  required  for 
thermal  control,  it  is  smaller  and  weighs  less. 

Last  but  not  least,  the  SHM  physical  stru  .ture 
is  an  order  of  magnitude  less  expensive  than 
that  of  the  large  maser.  Since  the  electronics 
required  for  the  hydrogen  maser  are  not  any  more 
extensive,  or  as  complicated,  as  those  required 
for  other  types  of  atomic  frequency  standard  such 
as  cesium  or  rubidium,  the  SHM  may  easily  become 
very  competative  in  cost  in  the  future,  while 
providing  much  better  stability  performance 
than  other  standards. 
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Figure  2. 

Small  Hydrogen  Maser  Lower  Assembly 
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Summary 

An  oscillating  compact  hydrogen  maser  is 
described.  The  maser  employs  a  versatile,  compact 
microwave  cavity  deslgp,  resulting  in  significant 
size  and  weight  reductions  compared  to  a  conven¬ 
tional  hydrogen  maser.  The  Q  of  the  compact  cavity 
is  electronically  enhanced  to  enable  sustained 
maser  oscillation,  thus  improving  the  signal- to- 
nolse  ratio  and  allowing  relatively  simple  signal 
processing  electronics  to  be  used.  The  long-term 
stability  of  the  maser  is  improved  by  a  cavity  fre¬ 
quency  stabilization  servo  system;  this  system  em¬ 
ploys  a  reference  derived  from  the  atom  transition 
frequency.  Preliminary  test  results  Indicate  a 
root  Allan  variance  of  better  than  8  parts  in  10^5 
for  an  averaging  time  of  10^  sec.  The  data  also 
indicate  that  stability  will  continue  to  improve 
with  averaging  time. 


Introduction 

The  development  of  compact  hydrogen  masers  has 
been  stimulated  by  a  desire  to  utilize  the  excel¬ 
lent  stability  and  accuracy  of  the  conventional 
hydrogen  maser  in  applications  where  there  are  se¬ 
vere  size  and  weight  constraints.  Walls  and 
Hellwig1  have  shown  that  the  long-term  stability  of 
a  maser  frequency  standard  could  be  improved  using 
a  low-Q  cavity  and  operating  the  maser  as  a 
frequency-sensitive  amplifier  (passive  mode).  This 
approach  removes  the  necessity  of  a  bulky  high-Q 
cavity  since  the  oscillation  condition  does  not 
have  to  be  met.  Consequently,  several  compact 
cavity  designs^  and  atom  interrogation  tech- 
niques3»4,5  have  been  proposed  and  tested.  How¬ 
ever,  due  to  the  relatively  low  Q  of  the  compact 
cavities,  there  is  a  sacrifice  in  the  signal-to- 
noise  ratio  and  a  more  complex  signal-processing 
system  must  be  used. 

Ar.  alternate  approach  is  to  electronically  en¬ 
hance  the  Q  of  the  compact  cavity  to  produce  sus¬ 
tained  maser  oscillation.  This  Improves  the 
signal-to-noise  ratio  and  the  atoms  detect  the  cen¬ 
ter  of  the  resonanc  line  since  maser  oscillation  is 
sustained  at  a  frequency  where  the  gain  of  the  sys¬ 
tem  is  a  maximum.  Thus,  simpler  signal-processing 
circuitry  similar  to  that  of  a  conventional  maser 
could  be  used.  Furthermore,  the  unique  self- 
diagnostic  feature  of  an  active  maser  -  the  spin- 
exchange  tuning  process  —  is  retained.  On  the 


other  hand,  due  to  the  higher  effective  cavity  Q, 
the  output  frequency  of  an  oscillating  maser  is 
more  susceptible  to  cavity  drift  pulling.  However, 
since  all  compact  cavity  designs  are  sensitive  to 
thermal  variations,  a  cavity  frequency  stabiliza¬ 
tion  servo  system  is  mandatory  to  assure  long-term 
stability  performance  regardless  of  whether  an  ac¬ 
tive  or  passive  approach  is  adopted.  For  that  mat¬ 
ter,  the  long-term  performance  of  a  conventional- 
maser  could  be  improved  by  the  cavity  stabilization 
servo  system  described  below. 

In  this  paper,  we  describe  a  compact  hydrogen 
maser  where  sustained  maser  oscillation  is  obtained 
using  a  cavity  Q-enhancement  technique.  The  fabri¬ 
cation  of  and  preliminary  test  results  from  the 
maser  operating  with  a  cavity-stabilization  servo 
system  that  employs  a  reference  derived  from  the 
atomic  transition  frequency  are  discussed. 

Q-Enhanced  Maser  Oscillator 

The  principle  of  operation  of  a  Q-enhanced 
maser  oscillator  is  shown  schematically  in  Figure  1. 
As  in  a  conventional  maser,  a  state-selected  beam 
of  hydrogen  atoms  is  focused  into  a  storage  bulb 
placed  inside  a  compact  microwave  cavity  tuned  to 
the  hyperfine  transition  frequency  of  ground-state 
hydrogen  atoms.  The  interaction  of  the  atoms  with 
the  cavity  electromagnetic  field  causes  the  atoms 
to  radiate.  The  losses  in  the  compact  cavity  are 
such  that  the  maser  oscillation  condition  is  dif¬ 
ficult  to  satisfy.  This  limitation  is  overcome  by 
positive  feedback,  as  shown  in  Figure  1.  A  portion 
of  the  externally  amplified  maser  output  is  fed 
back  into  the  cavity.  The  attenuator  in  the  feed¬ 
back  loop  determines  the  amount  of  feedback,  while 
the  phase  shifter  adjusts  propagation  delays  to 
ensure  that  the  feedback  signal  is  in  phase  with 
the  electromagnetic  field  in  the  cavity.  Thus,  the 
cavity  losses  are  effectively  reduced  or  cavity 
Q-enhanced  and  sustained  maser  oscillation  can  be 
obtained. 

The  interaction  of  the  atoms  with  the  cavity 
electromagnetic  field  H(c)  in  the  presence  of  re¬ 
laxation  processes  is  described  by  the  density 
matrix  rate  equations. 3  To  account  for  the  effect 
of  feedback,  the  electromagnetic  field  Inside  the 
cavity  of  quality  factor  Q  and  resonating  at  fre¬ 
quency  toc  can  be  represented  by  a  solution  of  the 
differential  equation 
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where  the  first  and  second  terms  on  the  right  side 
of  the  equation  are  due,  respectively,  to  the  ra¬ 
diating  atoms  and  the  feedback  contribution  to  the 
field  intensity,  Hj(t).  Notice  that  the  feedback 
is  written  in  this  way  to  avoid  introducing  cavity¬ 
coupling  coefficients.  The  constant  a  relates  the 
induced  field  to  the  oscillating  moment,  which  is 
proportional  to  the  off-diagonal  density  matrix 
element  P24  as  defined  in  Ref.  3. 

The  coupled  differential  equations  describing 
the  time  evolution  of  the  density  matrix  elements 
and  the  cavity  electromagnetic  field  are  nonlinear 
and  exact  solutions  cannot  be  found.  However,  a 
good  approximate  description  of  the  operation  of 
the  Q-enhanced  maser  oscillator  is  given  by  a 
linearized  solution.  To  this  first-order  approxi¬ 
mation,  it  can  be  shown  that  the  phase  shift  6  be¬ 
tween  the  cavity  rf  field  and  the  oscillating 
atomic  moment  (in  addition  to  the  normal  quadrature 
relationship)  is  given  by 


tan0  = 
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where  e  =  | Hf | / | H [  is  the  fractional  contribution 
of  feedback  to  the  cavity  rf  field  intensity,  and 
<J>  is  the  feedback  delay.  The  maser  oscillation 
frequency  is  given  by 


(w  -(ill 
c 


where  Q 
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is  the  effective  cavity  Q,  defined  by 


(3) 


The  spin  exchange  shift  contribution  to  the  maser 
oscillation  frequency  is  given  by  the  second  terra 
Inside  the  brackets  of  Eq.  3;  ra*  **  mQ/Ql  is  a  geo¬ 
metrical  constant  (m  is  defined  in  Ref.  3),  X  is 
the  spin  exchange  shift  parameter,  a  is  the  spin 
exchange  cross-section,  and  l/irTo  is  the  atomic 
transition  linewidth.  When  the  feedback  is  in 
phase  (i.e.,  6  ■  0),  Eqs.  2  and  3  are  identical  to 
the  expressions  for  a  conventional  maser.  As  shown 
in  Eq.  4,  the  effective  cavity  Q  is  a  maximum  when 
c|>  =  0,  and  this  condition  is  automatically  satis¬ 
fied  in  a  Q-enhanced  maser  oscillator.  Thus,  the 
self-diagnostic  feature  of  spin-exchange  tuning  is 
retained  in  a  Q-enhanced  maser  oscillator. 


Stabilization  Technique 


cavity  and  the  feedback  loop  form  a  resonant  system 
that  is  susceptible  to  environmental  perturbations. 
It  is  therefore  essential  to  have  a  cavity  fre¬ 
quency  stabilization  servo  system. 

The  cavity  servo  employs  a  voltage-biased  var¬ 
actor  reactance  tuner  for  cavity  frequency  adjust¬ 
ment  and  takes  advantage  of  the  fact  that  the 
atomic  line  Q  is  about  5  orders  of  magnitude  higher 
than  the  cavity  Q.  As  shown  in  Figure  2,  if  the 
desired  cavity  frequency  is  fQ,  then  two  test  sig¬ 
nals  of  equal  amplitude  at  frequencies  f^  and  f2 
symmetrically  situated  with  respect  to  f0  and  at 
half-power  points  of  the  cavity  response  will  be 
alternately  injected  into  the  cavity  by  square  wave 
modulating  the  test  signal  source.  If  the  cavity 
response  is  represented  by  the  solid  curve  in  Fig¬ 
ure  2,  then  the  rectified  test  signals  have  the 
same  amplitude  and  there  would  be  no  error  signal 
at  the  modulating  frequency.  On  the  other  hand,  if 
the  cavity  has  drifted  so  that  the  response  is 
represented  by  the  dotted  curve,  cavity  trans¬ 
missions  at  frequencies  fj^  and  f2  are  quite  dif¬ 
ferent.  The  rectified  test  signals  produce  a 
square  wave  at  the  modulating  frequency.  This 
error  signal  Is  synchronously  detected  and  addi¬ 
tional  gain  is  provided  by  a  smoothing  integrator, 
the  output  of  which  is  used  to  bias  the  varactor 
-eactance  tuner  so  that  the  cavity  response  is 
slewed  back  to  the  desired  solid  curve. 

Notice  that  the  use  of  discrete  test  signals 
tl  and  f2  situated  thousands  of  transition  line- 
widths  away  from  the  atom  transition  frequency  min¬ 
imizes  interference  with  the  atom  radiation  process. 
Furthermore,  to  assure  long-term  cavity  stability, 
the  test  signals  are  phase  locked  to  the  output  of 
the  frequency  standard,  and  hence  to  the  atom 
resonance  frequency.  Thus,  the  servo  system  is  in¬ 
herently  superior  to  any  cavity  stabilization 
scheme  based  on  thermal  and/or  mechanical  designs. 

A  functional  block  diagram  of  the  oscillating 
compact  hydrogen  maser  signal-processing  system  is 
shown  in  Figure  3.  The  cavity  Q  enhancement  and 
frequency  stabilization  servo  are  located,  respec¬ 
tively,  Ik  the  central  portion  and  in  the  left  side 
of  the  diagram.  The  front  end  microwave  electron¬ 
ics  is  common  to  both  systems.  After  the  first 
conversion,  the  signal  is  divided  into  two  channels 
by  a  power  divider.  In  one  .channel,  a  narrow  crys¬ 
tal  band  pass  filter  (BW  =  4  kHz)  passes  maser 
oscillation  signal  to  the  clock  signal  processing 
circuits;  in  the  other  channel,  the  signals  are 
rectified  and  synchronously  detected  for  the  cavity 
stabilization  servo  system.  To  minimize  interfer¬ 
ence  with  the  radiating  atoms  due  to  switching 
sidebands  that  might  be  generated,  the  test  signal 
synthesizer  is  switched  to  generate  alternately  the 
two  test  frequencies  at  a  relatively  low  rate  of 
10  Hz.  The  spacing  of  the  frequencies  fj  and  f2  is 
selected  to  be  30  kHz  since  strong  maser  oscilla¬ 
tion  could  be  obtained  with  an  enhanced  cavity 
width  of  that  magnitude. 


The  cavity  in  a  Q-enhanced  oscillator  is  not 
an  isolated  component  as  in  a  conventional  maser. 
The  cavity  resonance  frequency  is  sensitive  to 
phase  shift  in  the  feedback  loop.  In  fact,  the 


Compact  Maser  Fabrication 


A  schematic  of  the  physics  unit  of  the  oscil¬ 
lating  compact  hydrogen  maser  is  shown  in  Figure  4. 
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The  source  of  the  state-selected  atomic  hydrogen 
beam  (consisting  of  an  rf  dissociator  and  a  hexa- 
pole  magnet)  is  fabricated  using  a  conventional 
design.  For  flux  modulation  in  spin  exchange 
tuning  of  the  maser,  a  bistable,  magnetically 
latched  beam  shuttle  is  used  to  create  about  a  30% 
flux  differential.  The  beam  shuttle  is  compact  and 
light  and  consumes  power  only  during  switching  from 
one  state  to  the  other  (40  mA  at  5  V  for  about 
1  msec).  More  importantly,  it  allows  the  source  to 
operate  at  fixed  parameters  of  pressure  and  rf 
drive  level.  This  mode  of  operation  is  desirable 
for  long-term  source  reliability.  Vacuum  mainten¬ 
ance  is  provided  by  a  combination  of  getter  and 
ion  pumps.  The  former  has  the  advantage  that,  after 
activation,  it  would  pump  hydrogen  at  room  tempera¬ 
ture  without  any  power  consumption.  However,  its 
pumping  speed  for  other  contaminants  is  fairly  low. 
On  the  other  hand,  in  the  clean  environment  inside 
a  maser,  the  contaminant  outgassing  is  insignifi¬ 
cant  unless  allowed  to  accumulate.  Thus,  the  gas 
load  to  the  ion  pump  can  be  throttled  down  and  a 
correspondingly  small  ion  pump  can  be  employed,  re¬ 
sulting  in  appreciable  system  size  and  weight  re¬ 
ductions.  The  vacuum  chamber  is  made  of  aluminum 
and  is  connected  to  the  source  manifold  by  a  titan¬ 
ium  tube  which  provides  mechanical  support  with  low 
thermal  leakage  to  the  microwave  interaction  region. 
The  solenoid,  which  generates  a  uniform  quantiza¬ 
tion  field,  is  would  on  a  light-weight  fiber-glass 
form  and  is  equipped  with  a  second-order  field 
gradient  correction  coil  driven  from  the  same  cur¬ 
rent  source  as  the  main  coil.  Magnetic  shielding 
is  provided  by  four  layers  of  concentric  cylindri¬ 
cal  shields  with  conical  end  caps  based  on  a  design 
by  Wolf.6 

The  compact  cavity  and  storage  bulb  design  and 
fabrication  has  been  described  elsewhere. 2  Briefly, 
the  cavity  consists  of  a  section  of  6  in.  O.D.  x 
1/8  in.  wall  x  6  in.  long  clear  fused  quartz  tubing 
with  aluminum  end  plates.  The  inner  surface  of  the 
quartz  tubing  is  plated  with  high-conductivity 
silver  coating.  Input  and  output  coupling  loops  as 
well  as  a  varactor  reactance  tuner  are  mounted  on 
the  bottom  aluminum  end  plate.  With  symmetrical 
input-output  coupling  coefficients  of  0.2  each,  the 
loaded  cavity  Q  is  about  9400  and  the  reactance 
tuning  range  is  adjustable  to  one  full  cavity  width 
without  significant  Q  degradation.  In  practice, 
the  tuning  range  is  limited  to  about  1/3  of  the 
cavity  width  to  relax  the  bias  voltage  stability 
requirement.  The  storage  bulb,  4  in.  O.D.  x 
4—1/2  in.  long,  provides  mechanical  support  for  the 
cylindrical  loading  capacitor.  The  capacitor  con¬ 
sists  of  lour  equally  spaced  electrodes  fabricated 
from  0.02  in.  copper  shims  and  attached  to  the  bulb 
by  low-loss  epoxy  cement.  The  bulb  is  coated  on 
the  inside  with  FEP  120  Teflon  by  standard  tech¬ 
niques.  The  cavity-storage  bulb  subassembly  is 
mounted  inside  the  aluminum  vacuum  chamber  by  pre- 
loaded  polymide  (Vespel)  springs  that  provide  long¬ 
itudinal  compression  as  well  as  lateral  retention. 
This  mechanical  design  gives  both  mechanical  sta¬ 
bility  and  thermal  isolation. 

Separate  temperature  controls  are  provided  at 
the  top,  middle,  and  bottom  sections  of  the  vacuum 


chamber  as  well  as  at  the  next-to-outer-most  layer 
of  the  magnetic  shields.  To  minimize  dc  stray 
fields,  double  bifilar  heater  windings  and  ac 
heater  currents  are  used. 

Except  for  the  front-end  components,  the 
signal-processing  electronics  is  housed  in  a  rack 
separate  from  the  physics  unit.  Another  thermal 
control  unit  is  used  to  regulate  the  temperature  of 
an  aluminum  plate  on  which  the  front-end  microwave 
electronic  components  are  mounted.  These  compo¬ 
nents  include  the  critical  feedback  loops  and  the 
integrator  that  drives  the  reactance  tuner.  The 
plate  is  located  just  below  the  lower  end  cap  of 
the  outer  most  magnetic  shield.  The  location  is 
chosen  to  minimize  the  length  of  the  transmission 
line  used  in  maser  input-outgoing  coupling.  An 
outer  aluminum  vessel  covering  the  top  of  the  maser 
physics  unit  provides  additional  isolation  from 
ambient  thermal  variations  as  well  as  electromag¬ 
netic  interference.  Although  the  combination  pro¬ 
vides  only  relatively  coarse  temperature  regulation 
for  the  electronic  components,  it  significantly 
reduces  thermally  induced  fluctuations  in  the  sys¬ 
tem  and  contributes  to  improved  performance  of  the 
cavity  Q-enhancement  and  stabilization  servo 
systems. 

Experimental  Results 

Strong  maser  oscillation  was  obtained  with  an 
enhanced  cavity  Q  of  35,500  in  spite  of  the  fact 
that  a  poor  bulb  coating  gives  an  atomic  line  Q  of 
only  6  x  10®.  (An  atomic  line  Q  of  1  x  10^  had 
been  measured  in  a  bulb  of  similar  geometry  in  a 
separate  test  bed  maser.)  Stability  performance 
using  a  VLG-11  maser  (a  full  size  conventional 
maser)  as  reference  is  shown  in  Figure  5.  The  data 
were  taken  with  a  measurement  bandwidth  of  1  Hz 
without  any  corrections  to  the  effect  of  the  refer¬ 
ence  maser.  The  measured  pair  stability  (root 
Allan  Variance)  of  3.5  x  lO-^-6  for  an  averaging 
time  of  10^  seconds  gives  an  indication  of  the 
excellent  performance  of  the  Q-enhanced  compact 
maser  oscillator  with  cavity  stabilization.  The 
performance  can  be  expected  to  improve  from  better 
storage  bulb  coating  and  the  resulting  higher  line 
Q  as  well  as  from  improved  receiver  noise 
performance. 

Under  contractual  requirements,  the  maser  was 
delivered  to  the  Naval  Research  Laboratory  (NRL)  in 
Washington,  D.C.  for  further  tests  and  evaluation. 
Preliminary  test  results  at  NRL  are  shown  in  Fig¬ 
ure  6.^  It  should  be  noted  that  the  data  were 
taken  after  an  initial  warm  up  but  without  optim¬ 
izing  the  operating  parameters.  The  ruggedness  of 
the  device  is  shown  by  the  fact  that  it  withstood 
well  the  rigor  of  transcontinental  shipment.  The 
apparent  degradation  in  performance  could  be  attri¬ 
buted  to  several  factors.  First,  the  measurement 
bandwidth  for  the  data  in  Figure  6  is  1  kHz  versus 
1  Hz  for  those  of  Figure  5.  The  noise  contribution 
would  be  more  severe  for  the  larger  bandwidth. 
Second,  when  the  data  for  Figure  6  were  taken,  the 
environment  was  not  very  conducive  to  stability 
testing  due  to  construction  work  in  the  vicinity. 
Third,  maser  operating  parameters  could  be 
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optimized.  Nevertheless,  data  from  both  pre-  and 
post-delivery  testing  (Figures  5  and  6,  respectiv¬ 
ely)  indicate  excellent  long-term  stability  and  can 
be  expected  to  improve  with  averaging  time.  In 
fact,  the  data  give  no  Indication  of  the  flicker 
floor  of  the  device.  This  raises  an  interesting 
problem  in  long-term  stability  testing  since  the 
stability  of  conventional  masers  starts  to  degrade 
significantly  beyond  about  10 ^  sec.  Although  we 
believe  that  the  long-term  stability  of  conven¬ 
tional  masers  can  benefit  from  a  cavity- 
stabilization  servo  such  as  discussed  here,  the 
existing  conventional  masers  have  relied  on  thermal 
and/or  mechanical  designs. 

Conclusions 

We  have  shown  the  viability  of  the  concept  of 
Q-enhancement  in  atomic  frequency  standards. 
Excellent  long-term  stability  of  a  Q-enhanced  maser 
oscillator  equipped  with  a  properly  designed  cavity 
stabilization  servo  has  been  demonstrated.  In  con¬ 
junction  with  the  versatility  of  the  compact  cavity 
design,  the  technology  of  a  portable  hydrogen  fre¬ 
quency  standard  with  excellent  performance  is  ready 
to  be  exploited. 
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Figure  1.  Schematic  of  a  Q-enhanced 
maser  oscillator. 
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Figure  2.  Concept  for  cavity  frequency 
stabilization  servo  system. 
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Figure  3.  Functional  block  diagram  of  Q-enhanced  maser  oscillator  with 
cavity  stabilization  servo  system. 
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Figure  4.  Schematic  of  the  physics  unit  of  the 
oscillating  compact  hydrogen  maser. 


Figure  5.  Stability  data  of  oscillating 
compact  hydrogen  maser  (measurement 
bandwidth  “  1  Hz) 


Figure  6.  Stability  data  of  oscillating  compact 
compact  hydrogen  maser  (measurement 
bandwidth  =  1  kHz) . 
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Summary 

The  paper  discusses  the  test  results  on  the 
light  weight  portable  military  Cesium  Beam 
Frequency  Standard.  The  description  and  operation 
of  this  clock  was  reported  In  the  33rd  Frequency 
Control  Symposium.  The  Portable  Real  Time  Clock 
(PRTC)  presently  being  manufactured  by  Frequency 
Electronics,  Inc.,  Is  used  as  a  precision  clock 
for  the  communication  system  on  the  616A  program 
and  for  other  applications  where  a  portable  cesium 
standard  Is  needed. 

The  Cesium  Beam  Frequency  Standard  will  weigh 
approixmately  35  lbs.  and  utilizes  a  cesium  tube 
weighing  just  11.5  lbs.  The  projected  life  expec¬ 
tancy  of  this  tube  Is  greater  than  5  years.  The 
test  results  on  this  tube  show  significant 
Improvements  in  signal  to  noise  ratio,  linewldth, 
and  background  noise.  Typical  figures  are  58 
db/Hz  signal  to  noise  ratio,  a  factor  of  six  for 
the  signal  to  background  ratio  and  less  than 
800  linewldth.  The  details  of  design  and  fabrica¬ 
tion  of  the  Cesium  Standard  are  presented  as  well 
as  test  results. 

Introduction 

The  Portable  Real  Time  clock  has  been 
designed  and  fabricated  by  Frequency  Electronics, 
Inc.  for  use  as  a  portable  aircraft  Cesium 
Standard. 

The  small  size,  light  weight,  good  perfor¬ 
mance  and  simplicity  of  maintenance  due  to  its 
module  construction  are  the  main  characteristics 
of  this  new  clock. 

The  Cesium  Standard  as  presently  constructed 
provides  5  MHz,  3  MHz  and  1  MHz  frequency  outputs 
as  well  as  1PPS,  1PPM  and  time-of-day  time  code 
signals.  The  front  panel  consists  of  a  real  time 
of  day  display  and  monitor  circuitry  to  indicate 
system  performance  characteristics.  Figure  1  is  a 
photograph  of  this  unit.  Shown  in  Figure  2  is  the 
Portable  Real  Time  Clock  alongside  the  Master 
Regulating  Clock  which  Is  the  larger  19  Inch  rack 
mounted  cystem. 

Design 

The  PRTC  was  designed  to  replace  the  pres¬ 
ently  manufactured  MRC  meeting  all  environmental 


and  electrical  performance  characteristics  with  a 
significant  reduction  In  size  and  weight.  The 
PRTC  Is  5.2  Inches  high  by  13.25  Inches  wide  by 
19.5  inches  deep.  A  block  diagram  of  the  PRTC  is 
shown  in  Figure  3. 

The  5  MHz  OCVCXO  is  multiplied  to  9200  MHz  by 
the  multiplier  module  (X1840).  The  synthesizer 
produces  a  frequency  of  7.36822840  which  It 
generates  from  the  5  MHz  oscillator.  The 
difference  between  these  two  frequencies  Is  used 
to  feed  the  cesium  beam  resonator.  The  error 
signal  from  the  cesium  resonator  is  amplified  and 
Integrated  and  used  as  the  control  signal  for  the 
5  MHz  oscillator,  which  closes  the  loop.  The 
5  MHz  signal  Is  then  used  to  generate  1  MHz  and 
3  MHz  outputs  as  well  as  to  drive  the  real  time- 
of-day  clock  and  generate  the  timing  outputs. 

A  top  view  of  the  Cesium  Standard  without  Its 
cover  is  shown  in  Figure  4  and  shows  the 
configuration  of  many  of  the  modules. 

Figure  5  is  a  bottom  view  which  shows  the 
chassis  wiring. 

The  power  supply  for  the  PRTC  was  designed  to 
minimize  power  supply  ripple  and  spikes,  A  block 
diagram  of  the  power  supply  is  shown  in  Figure  6. 
This  switching  regulator  uses  pulse  width 
modulation  and  permits  us  to  generate  all  of  the 
system  required  voltages  with  less  than  20  milli¬ 
volts  of  spikes  and  ripple.  The  efficiency  of 
this  power  supply  is  approximately  63  percent. 

One  of  the  major  design  efforts  on  this 
program  was  the  redesign  of  the  Cesium  Beam  tube 
to  reduce  both  size  and  weight.  The  weight  was 
reduced  from  21.5  lbs.  to  11.5  lbs.  and  the  size 
was  reduced  to  about  60  percent  of  the  previous 
volume.  Along  with  this  significant  reduction  in 
weight  and  size,  performance  of  the  new  tube  is 
better  than  that  of  the  previous  one.  Figure  7 
shows  a  comparison  of  the  two  tubes. 

Figure  8  is  a  photograph  of  the  first  light 
weight  tube  manufactured. 

To  date,  three  tubes  have  been  fabricated  and 
a  compilation  of  the  data  Is  shown  in  Table  I. 

Performance 
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The  PRTC  performance  results  have,  in 
general,  been  far. better  than  that  required  by  the 
specification.  Table  II  shows  some  of  the 


TABLE  1 


TABLE  III 


TUBE  CHARACTERISTICS  T OB  LIGHT  WEIGHT  CESIUM  EESOKATOR 


Line  Width 

<  B00  Hi 

Signal  to  Noise 

>  58  db/Ht 

Signal  to  Background 

>  6 

Short  Ter*  Stability 

1  to  3  x  10 

Weight 

11.5  lbt. 

Voluae 

115  cubic  lnchea 

Life  Expectancy 

5  to  7  yeara 

TABLE  II 

PERFORMANCE  RESULTS  -  PRTC 

PARAMETER 

Accuracy 

SPECIFICATION 

til  10'11 

-  28’  C  to  +  6S*  C 

ACTUAL 

+  1  x  10"U 

Reproducibility 

+  1  *  10-11 

+  0.5  x  10'1 

Settablllty 

+  2  x  10-12 

+  1  x  10~12 

Stability 
Averaging  Ti«e 


(*tc.) 

1 

7  x  10"11 

3  x  10"“ 

10 

2.2  x  10-11 

0.95  x  10*U 

100 

7  x  10"12 

3  x  10-12 

1,000 

2.2  x  10~12 

0.95  x  10*12 

10,000 

7  x  10-13 

3  x  10*13 

The  frequency  stability  data  for  averaging  times 
up  to  66,000  seconds  has  been  taken  and  plotted  on 
Figure  9.  Although  there  has  not  been  sufficient 
time  to  take  complete  stability  data,  indications 
are  that  the  stability  floor  will  be  below 
1  x  10~13  for  averaging  times  in  excess  of 
105  seconds. 

Figure  10  is  a  plot  of  the  single  sideband 
phase  noise  of  the  5  MHz  output  signal  with  the 
worst  case  AT  cut  crystal.  Although  this  is 
considerably  better  than  the  specification 
requirement ,  plans  are  being  made  to  use  an  SC  cut 
crystal  in  the  5  MHz  oscillator  to  even  further 
improve  the  sideband  noise. 

The  one  specification  characteristic  which 
will  be  improved  further  is  the  weight.  The 
original  design  objective  was  a  weight  of  less 
than  30  lbs.  The  actual  weight  of  these  prototype 
units  was  38,65  lbs.  The  breakdown  of  weight  by 


WEICHT  ANALYSIS,  EETC 


WEICHT  (LIS.) 


MODULE 

DESIGN 

OBJECTIVE 

ACTUAL 

PROTOTYPE 

UNITS 

ANTICIPATED 

PI0DUCT10N 

UNITS 

A0  Chassis 

8.0 

9.3 

8.3 

Al  Ceslua  Beaa  Tube 

11.0 

11.5 

11.5 

A3  Error  Signal  Controller  1*0 

1.0 

1.0 

A5  Multiplier 

0.9 

1.25 

1.25 

A7  Synthesizer 

0.7 

0.9 

0.9 

A8  5  KHz  0CVCX0 

0.8 

1.0 

1.0 

A9  Clock 

2.0 

0.75 

0.75 

A 10  1  MHz/3MHz  Divider 

0.3 

0.45 

0.45 

All  Power  Supply 

2.0 

3.5 

2.5 

A17  Battery  Peck 

3.0 

4.5 

4.5 

Front  Panel,  Covers 
and  Miscellaneous 

- 

4.5 

3.0 

Total 

29.7 

38.65 

35.15 

module  is  shown  in  Table  HI.  As  Indicated  by 
this  table,  most  of  the  additional  weight  is  in 
the  power  supply,  battery  and  front  panel  of  the 
unit.  Future  production  units  will  be  manufac¬ 
tured  to  bring  the  weight  down  to  approximately 
35  lbs. 

Table  IV  is  a  power  analysis  of  the  PRTC  by 
module.  The  specification  requirement  of  48  watts 
was  met.  However,  the  actual  clock  dissipated 
more  power  than  the  original  anticipated  design 
objectives.  This  was  primarily  due  to  the 
additional  power  dissipation  in  the  power  supply. 
The  power  supply  efficiency  was  sacrificed  in 
order  to  obtain  low  noise  and  ripple. 

Conclusions 

A  light  weight  portable  cesium  clock  has  been 
designed  which  exceeds  most  of  its  performance 
requirements.  Performance  of  this  clock  with 
regard  to  noise  and  stability  is  better  than  that 
of  larger  units  and  no  performance  or  functions 
have  been  sacrificed  to  obtain  the  smaller  size. 
Further  tests  are  scheduled  to  obtain  more  data 
and  qualify  the  unit  to  full  military  airborne 
environmental  conditions. 
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TABLE  IV 


POWER  ANALYSIS,  PRTC 

POWER  (WATTS) 


MODULE 

DES1CN 

OBJECTIVE 

ACTUAL 

PROTOTYPE 

UNITS 

Ai 

C«6lu*  Seta  Tube 

10.0 

10.0 

A3 

Error  Signal  Controller 

l.S 

1.5 

A5 

Multiplier 

2.3 

3.5 

A7 

Synthesizer 

1.0 

0.9 

AS 

5  MHz  OCVCXO 

1.6 

2.5 

A9 

Clock 

4.5 

7.0 

All 

Power  Supply 

7.8 

16.3 

A17 

Battery  Pack 

0.9 

2.0 

Total 

31.3 

43.7 

Specification  -  48  Witts  aaxlaua. 
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Figure  1.  Cesium  Beam  Primary  Frequency  Standard, 
Model  FE-5450A 
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Figure  2.  Portable  and  Rack  Mount  Cesium 
Standards 
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Figure  3.  PRTC  Block  Diagram,  Model  FE-5450A 


Figure  6.  Block  Diagram,  PRTC  Power  Supply 


Figure  8,  Light  Height  Cesium  Beam  Tube 
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Figure  9.  Frequency  Stability,  PRTC 


Figure  10.  Single  Sideband  Phase  Noise,  PTTC 
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Abstract 

The  paper  describes  work  done  on  the  Passive 
Rubidium  Frequency  Standard  in  order  to  identify 
and  possibly  Improve  its  frequency  stability  in 
the  short  and  long  term  region.  In  relation  to 
the  short  term  region,  experiments  are  described 
which  permit  the  identification  of  the  major 
sources  of  noise  and  measurements  are  reported. 

A  theoretical  model  is  developed  and  conclusions 
are  drawn  relative  to  the  optimization  of  the  va¬ 
rious  parameters.  In  relation  to  the  long  term 
region,  earlier  work  has  shown  that  the  power 
shift  created  by  inhomogeneous  broadening  in  the 
presence  of  a  buffer  gas  and  light  shift  could  be 
a  cause  of  Instabilities.  To  avoid  that  effect 
we  have  started  experiments  on  a  wall  coated  cell 
without  buffer  gas  and  we  report  results  on  the 
wall  shift  and  its  temperature  dependence.  Al¬ 
though  that  type  of  cell  avoids  the  power  shift, 
it  is  observed  that  the  temperature  dependence  of 
the  wall  shift  is  relatively  large.  These  results 
are  discussed  in  terms  of  earlier  data  obtained 
on  rubidium  masers. 

Introduction 

The  optically  pumped  passive  rubidium  fre¬ 
quency  standard  Cl]  is  probably  one  of  che  atomic 
standards  that  has  found  the  most  spreaded  use  in 
the  field.  To  a  small  size  it  associates  a  good 
short  term  frequency  stability  and  a  relatively 
good  long  term  frequency  stability  [2],  [3],  Al¬ 
though,  in  many  cases,  the  specifications  of  pre¬ 
sently  available  units  are  quite  satisfactory,  the 
standard  could  also  be  used  in  situations  where 
better  stability  is  required  if  its  actual  charac¬ 
teristics  could  be  Improved  [4],  In  particular 
one  may  wander  if  the  actual  short  term  stability 
presently  achieved  is  at  the  theoretical  limit  and 
if  the  long  term  stability  could  be  improved  by  a 
change  in  che  actual  design  of  the  absorption  cell. 
In  practice  it  is  found  that  the  sources  of  insta¬ 
bilities  either  in  the  short  term  or  in  the  long 
term  region  can  be  separated  and  studied  quite  in¬ 
dependently.  Along  these  lines  of  thought,  we 
have  started  fundamental  work  on  both  aspects  of 
the  problem  and  this  paper  is  a  report  on  the  the¬ 
oretical  and  experimental  results  we  have  obtained. 

Short  term  stability 

A  block  diagram  of  the  passive  rubidium  fre¬ 
quency  standard  is  shown  in  Figure  i.  Figure  2 
shows  a  typical  result  of  short  term  stability  as 


obtained  with  commercial  units.  The  main  questions 
are: "What  is  the  theoretical  limit  of  the  short 
term  stability?  Is  it  possible  to  improve  the 
short  term  stability  by  optimizing  parameters  in 
the  optical  package?  Is  it  possible  to  do  so  with¬ 
out  affecting  the  long  term  stability?" 

In  practice  it  is  found  that  the  short  term 
stability  is  limited  by  the  presence  of  a  white 
frequency  noise  C5].  This  gives  rise  to  a  short 
term  stability  in  the  time  domain  given  by 

02(t)  -  y  l-l2-  ,  (1) 

where  o2(r)  is  the  Allan  variance,  h0  is  a  cons¬ 
tant  which  gives  the  noise  amplitude  and  t  Is  the 
averaging  time  [6].  The  origin  of  the  noise  giving 
rise  to  this  behaviour  is  shot  noise  at  the  photo¬ 
detector  and  it  gives  the  fundamental  limit  to  the 
frequency  stability  as  shown  below. 


Theoretical  calculation  of  the 
contribution  of  shot  noise  to  o( t) 

The  model  used  to  make  the  calculations  is  il¬ 
lustrated  in  Figure  3.  The  Important  points  are  as 
follows. 

-  The  optical  package  coupled  to  the  lock-in 
detector  produces  a  signal  proportional  to  the  de¬ 
rivative  of  the  resonance  line  creating  a  discrimi¬ 
nator  pattern.  The  line  is  assumed  Lorentzian. 

-  The  model  is  linear  and  the  shot  noise  at 
the  photodetector  appears  as  white  noise  of  spec¬ 
tral  density  ■  2  el0,  where  e  is  the  electro¬ 
nic  charge  and  I0  is  the  photocurrent. 

-  Finally  it  is  assumed  that  the  frequency  of 
modulation  and  the  depth  of  modulation  are  much 
less  than  the  absorption  line  width. 

The  complete  calculation  is  given  in  Appendix  A  and 
the  main  results  are  as  follows. 


The  slope  of  the  discriminator  pattern  near 
the  center  of  the  resonance  line  is  given  by 


Kv)  ,  8e_ 
dv  Av2 


a  In 


(2) 


where  i(v)  is  the  modulation  current  peak  ampli¬ 
tude  at  the  photodetector,  I0  is  the  photocurrent, 
a  is  the  fractional  absorption  depth:  Av  is  the 
full  line  width  at  half  the  height,  2e  is  the  peak 
to  peak  amplitude  of  modulation  of  the  interroga¬ 
ting  r.f.  signal.  These  parameters  are  illustrated 
in  Figure  4. 
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The  signal  at  the  maximum  of  the  discriminator 
pattern  is  given  by 

*<>  "  Sfe  •  (3) 

It  is  shown  in  the  Appendix  that  the  spectral  den¬ 
sity  of  the  fractional  frequency  fluctuations  are 
given  by 

sy(f) '  '  “> 

In  the  time  domain  this  corresponds  to  a  stability 
expressed  by 

‘■w-olisktr  <5> 

Here,  is  the  line  Q,  defined  as 

Qi  “  2W  <6> 

and  (S/N)  is  the  signal  to  noiue  ratio.  Within 
the  limit  of  shot  noise  as  mentioned  above,  the  si¬ 
gnal  to  noise  ratio  is  given  by 

,S\2  33e2o2I0 

(n}  mi^r  •  (7> 

From  this  expresoijn  and  equation  [5]  it  is  seen 
that  for  good  short  term  stability,  the  detector 
must  detect  as  much  as  possible  of  the  transmitted 
light  flux  creating  optical  pumping  and  the  photo¬ 
current  I0.  The  absorption  factor  a  is  constant 
up  to  a  certain  value  of  I0  where  it  saturates; 
it  also  depends  on  the  width  Av.  Consequently, 
the  expression  above  can  be  optimized  only  through 
calculations  on  the  atomic  system  itself. 

With  a  line  Q  of  2  x  107,  and  a  signal  to 
noise  ratio  of  75  dB,  a  stability  of  1  *  10~12  is 
predicted  for  an  averaging  time  of  1  second. 

In  practice  however  the  line  is  broadened  by 
the  Interrogating  power;  furthermore  the  modulation 
amplitude  may  not  be  weak  relative  to  the  line 
width.  In  that  case  the  frequency  stability  is 
still  given  by  a  formula  of  the  form: 

s”<£) '  W  '  <8> 


is  jiven  by 

k.&io 


i'  -  — 

o  In 


and  D' 


(L.)  Is 

W  In 


These  parameters  are  find  experimentally. 

Servo  loop  equations 

In  the  frequency  standard  itself  the  above 
frequency  stability  is  transferred  to  a  crystal 
oscillator.  The  system  is  shown  in  Figure  5  and  is 
described  by  a  linear  model.  The  equations  descri¬ 
bing  the  servo  loop,  for  frequency  fluctuations, 
are  [7],  [83: 

Sy^f)  -  |  Hi  (f)  |2  Sy^f)  +  |H2(f)|2  Syr(f),  (10) 


where  it  is  assumed  that  an  integrator  with  trans¬ 
fer  function: 


is  used. 


grator  and 


is  the  time  constant  of  the  inte- 
1 27rf .  f„  is  defined  as 


•  w> 

The  various  terms  are  as  follows:  K  is  the  equi¬ 
valent  frequency  discriminator  sensitivity  of  the 
atomic  ensemble  coupled  to  the  phase  sensitive  de¬ 
tector  in  volts  per  radian  per  second;  it  is  equal 
to  2nD  ;  is  the  voltage  controlled  crystal 

oscillator  coefficient  in  radian  per  second  per 
volt;  Sy g  (f)  is  the  free  running  quartz-crystal 
oscillator  spectral  density;  syr  (f)  is  the  equi¬ 
valent  spectral  density  of  the  atomic  reference; 
finally  Sy  2(f)  is  the  spectral  density  of  the 
locked  quartz  crystal  oscillator. 

It  is  observed  that  H2(f)  is  essentially  a 
low  pass  filter  for  the  atomic  reference  spectral 
density,  while  Hi(f)  is  a  high  pass  filter  for 
the  quartz  crystal  oscillator  fluctuations.  Conse¬ 
quently  fn  must  be  adjusted  for  best  overall  per¬ 
formances  depending  on  the  values  of  Sy  f  and 


Experimental  results  on  short  term  frequency  stabi¬ 
lity 

We  have  made  measurements  on  the  various  para¬ 
meters  studied  above.  These  measurements  were  done 
on  a  teBt  bench  in  which  the  optical  package  con¬ 
sisted  of  a  natural  rubidium  lamp,  an  absorption 
cell  containing  natural  rubidium  and  a  mixture  of 
N2  and  Ky  as  buffer  gas  in  a  TEm  cavity.  The 
photodetector  was  a  FIN  diode  and  the  signal  was 
detected  with  a  commercial  lock-in  amplifier. 

2£_52§2HES?2D*:2 :  A  typical  discriminator  pattern 
observed  with  the  set  up  is  shown  in  Figure  6.  The 
noise  at  the  PIN  diode  was  measured  as  a  function 
of  frequency  with  maximum  light  intensity  available. 
The  results  are  shown  in  Figure  7.  The  noise  was 
also  measured  as  a  function  of  light  intensity  or 
photocurrent.  The  results  are  shown  in  Figure  8. 

It  should  be  mentioned  here  that  the  actual  level 
of  light  and  photocurrent  in  the  present  set  up  is 
much  lower  than  is  normally  used  in  practice.  This 
is  due  to  three  causes.  First,  the  PIN  diode  used 
has  a  very  small  surface  of  detection,  limiting  the 
signal  to  noise  ratio  as  shown  by  equation  [7], 
since  Io  is  proportional  to  the  surface  of  the 
detector.  Secondly,  the  lamp  was  placed  at  a  dis¬ 
tance  somewhat  larger  than  normal  from  the  absorp¬ 
tion  cell;  this  was  made  necessary  in  order  to  have 
an  arrangement  in  which  the  light  intensity  could 
be  varied  easily.  Finally,  we  did  not  use  an  iso¬ 
topic  filter  in  the  3ystem  and  that  limited  the  si¬ 
gnal  to  noise  ratio. 

In  the  results  shown,  it  is  observed  first, 
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that  the  noise  output  is  proportional  to  10  and 
the  relation  Si  ■  2el0  is  obeyed.  The  dotted 
line  in  Figure  8  is  the  actual  theoretical  limit  of 
the  noise.  Secondly,  the  noise  is  white  at  fre¬ 
quencies  above  10  Hz.  Below  10  Hz,  there  is  a 
flicker  component  in  the  noise  output.  Thus,  modu¬ 
lation  at  a  frequency  of  100  Hz  followed  by  syn¬ 
chronous  detection  avoids  completly  that  last  noi¬ 
se  contribution.  This  is  the  frequency  that  we 
have  use  for  modulation. 

In  our  case,  at  the  operating  light  intensity, 
the  noise  is  thus  2.1  x  10-26  [A2/Hz].  The  signal 
as  measured  experimentally  is  9.2  x  10-11  [A] 
(peak).  This  gives  a  signal  to  noise  ratio  of  53 
dB.  In  some  other  systems  a  signal  to  noise  ratio 
as  high  as  75  dB  has  been  observed  in  a  one  Hertz 
bandwidth. 

Frequency  stability  measurements 

The  frequency  stability  was  measured  in  the 
frequency  domain  directly  at  6.834  GHz.  The  measu¬ 
rement  was  done  by  beating  directly  the  signal  at 
6.834  GHz  with  the  output  signal  of  a  rubidium  ma¬ 
ser  which  has  a  very  good  spectral  purity.  The  set 
up  is  shown  in  Figure  9.  A  phase-lock  loop  was 
used  to  lock  the  synthesizer  to  the  beat  signal  in 
order  to  be  able  to  make  phase  stability  measure¬ 
ments  [9).  The  signal  resulting  from  this  phase 
comparison  was  then  analysed  with  a  spectrum  ana¬ 
lyser  . 

The  results  of  this  measurement  with  the 
crystal  oscillator  not  locked  to  the  rubidium  re¬ 
sonance  signal  are  shown  in  Figure  10.  Figure  11 
gives  the  results  for  the  case  where  the  crystal 
oscillator  is  locked  to  the  atomic  resonance  line. 
The  level  of  Sy(f)  for  f  <  25  Hz  is  4.5  x  10-20. 
This  is  in  very  good  agreement  with  the  value  cal¬ 
culated  from  the  level  of  shot  noise  reported  abo¬ 
ve.  In  fact  this  is  only  0.2  dB  higher  than  the 
shot  noise  contribution.  Above  25  Hz  the  servo 
loop  act  as  a  high  pass  filter  for  the  quartz  os¬ 
cillator  fluctuations  and  the  spectral  density  ob¬ 
served  is  that  of  the  quartz  crystal  oscillator. 

It  should  be  mentioned  that  the  Sy(f)  repor¬ 
ted  here  gives  a  resulting  stability  worst  than 
what  is  usually  inccuntered  in  practice.  This  is 
due  to  the  reason  given  above.  In  the  present  set 
up  we  have  a  signal  to  noise  ratio  of  53  dB.  The 
measured  line  Q  at  the  temperature  of  operation 
was  QjJ  *  3.4  x  106  and  ■  1.9  x  106  for 
2e  ■  Av.  From  equation  8,  this  would  give  a  time 
domain  frequency  stability  of  1.5  x  10-l°  for  an 
averaging  time  of  1  second.  This  is  entirely  con¬ 
sistent  with  the  spectral  density  reported  in  Fi¬ 
gure  11.  That  relatively  poor  stability  consequen¬ 
tly,  has  allowed  the  verification  of  the  theoreti¬ 
cal  predictions  with  a  very  simple  crystal  oscilla¬ 
tor  and  without  elaborate  techniques. 

Discussion 

From  the  results  reported  above  we  can  conclu¬ 
de  that  the  limit  of  short  term  stability  in  the 
passive  rubidium  frequency  standard  is  well  unders¬ 
tood.  The  theory  which  describes  that  limit  is  ba¬ 
sed  on  well  known  phenomena  and  servo-system  con¬ 
cepts.  Furthermore  experimental  and  theoretical 


results  are  in  good  agreement.  Thus  attempts  to 
optimize  the  system  can  be  done  on  a  reliable  ma¬ 
thematical  basis.  In  this  line  of  thought,  it  is 
clear  that  the  main  parameters  are  line  Q  and 
S/N. 

The  line  Q  is  entirely  controlled  by  the  li¬ 
ne  width.  For  a  fixed  frequency,  it  can  be  increa¬ 
sed  only  by  reducing  the  relaxation  rate.  This  ra¬ 
te  is  controlled  by  wall  and  buffer  gas  relaxation. 
The  buffer  gases  which  appear  to  give  the  lowest 
relaxation  rates  are  nitrogen  and  the  nobel  gases 
such  as  helium,  neon  and  argon.  The  relaxation  ra¬ 
te  of  Rb87  in  these  gases  is  not  known  exactly. 
However  it  is  known  for  Rb85  at  3  GHz  [10].  In 
Rb87,  we  would  expect  the  rate  for  Rb85  multiplied 
by  the  square  of  the  ratio  of  the  frequencies 
(6.8/3)2.  This  would  give  a  line  Q  of  the  order  of 
1.3  x  108  in  nitrogen  for  example.  In  practice  ho¬ 
wever  the  line  is  broadened  by  spin  exchange  inter-; 
action,  Interrogating  r.f.  power  and  pumping  light 
intensity.  In  that  case  we  do  not  expect  at  normal 
operating  temperatures  a  line  Q  better  than 
~  2.5  x  107.  With  paraflint,  in  a  1  inch  bulb,  a 
line  Q  of  nearly  3  x  107  is  obtained  at  60  °C. 

On  the  other  hand  the  (S/N)  is  given  by  equa¬ 
tion  (73 .  It  is  proportional  to  the  fractional  ab¬ 
sorption  depth  a  ,  the  total  optical  pumping  pho¬ 
tocurrent  I0  and  within  certain  limits  to  the  mo¬ 
dulation  amplitude  e  .  The  (S/N)  is  also  propor¬ 
tional  to  the  inverse  line  width  as  is  the  line  Q. 
Consequently  any  reduction  in  line  width  results  in 
an  Increased  line  Q,  an  increased  S/N  and  a  sharp  im¬ 
provement  in  short  term  stability.  In  the  context 
of  the  paraflint  coated  cell  this  result  appears  to 
be  rather  important.  On  the  other  hand,  for  a  gi¬ 
ven  fractional  absorption  depth  a  ,  the  signal  1b 
proportional  to  IQ  the  optical  pumping  photocur¬ 
rent.  Consequently,  it  is  advantegeous  to  detect 
the  total  light  intensity  that  creates  the  resonan¬ 
ce  signal  o  .  However,  although  the  S/N  increases 
with  I0  ,  there  is  a  point  where  a  saturates  and 
decreases  with  I0  .  Above  that  point,  there  is 
not  much  gain  in  increasing  I0  .  Furthermore,  in 
a  system  using  hyperfine  filtering,  the  line  width 
is  given  by 

Av  *  Avq  +  ~  £  (14) 

where  T  is  the  pumping  rate  in  photons  per  atoms 
per  second  and  Av0  Includes  all  other  interac¬ 
tions  [11].  There  is  thus  an  optimum  light  inten¬ 
sity  at  which  the  system  can  be  set  at  in  order  to 
obtain  optimum  signal  to  noise  ratio  and  line  Q. 

In  practice  and  up  to  now  this  has  been  done  expe¬ 
rimentally. 

Long  term  stability 

Some  of  the  physical  processes  causing  long 
term  instabilities  in  the  passive  rubidium  frequen¬ 
cy  standard  are  believed  to  take  place  in  the  ab¬ 
sorption  cell  Itself.  Such  are  the  power  shift  and 
wall  interactions  varying  with  time.  The  power 
shift  acts  through  the  inhomogeneous  broadening 
caused  by  the  light  shift  [12].  Wall  interactions 
including  adsorption  of  rubidium  may  cause  time 
dependent  fluctuations  of  rubidium  density  and 
changes  in  gas  density  in  the  absorption  cell.  One 
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method  of  avoiding  these  effects  is  to  use  a  cell 
without  buffer  gas,  coated  with  a  substance  that 
prevent  relaxation.  Parafllnt,  a  long  chain  wax, 
has  been  found  to  be  very  efficient  in  that  res¬ 
pect.  However,  one  has  to  know  several  parameters 
such  as  relaxation  rates,  wall  shift  and  temperatu¬ 
re  coefficient  of  the  wall  shift,  before  concluding 
on  the  actual  practicality  of  the  technique. 

We  have  made  measurements  on  a  paraflint  coa¬ 
ted  cell  attached  directly  to  a  vacuum  system.  The 
cell  made  of  quarts  was  placed  in  a  TEon  cavity  as 
shown  in  Figure  12.  The  rest  of  the  system  was  1- 
dentlcal  to  that  shown  in  Figure  1  except  that  an 
Isotopic  filter  could  be  placed  in  the  path  of  the 
light.  The  signal  to  noise  ratio  obtained  with  the 
arrangment  in  best  conditions  was  75  dB  in  a  one 
Hertz  bandwidth.  The  line  Q  was  of  the  order  of 
2.7  x  107. 


Improve  long  term  stability.  However  the  measure¬ 
ments  reported  show  that  the  wall  shift  and  the 
temperature  coefficient  are  quite  large.  Neverthe¬ 
less,  from  results  obtained  on  rubidium  85  it  is 
believed  that  at  a  temperature  of  about  80  °C  the 
temperature  sensitivity  would  be  much  reduced  [10]. 
In  that  case  the  cell  could  be  used  without  exces¬ 
sive  demand  on  the  temperature  control.  These  stu¬ 
dies  are  underway. 
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The  results  on  the  wall  shift  are  shown  in  Fi¬ 
gure  13.  At  60  °C,  the  shift  is  of  the  order  of 
-  210  Hz  and  the  temperature  coefficient  is  +  1.4 
Hz/°C.  These  results  are  slightly  different  from 
those  obtained  by  Brewer  [13]. 

It  would  be  possible  to  operate  a  standard 
with  such  a  cell.  The  S/N  ratio  and  the  line  Q  are 
such  that  a  stability  of  ~  1  x  10"*2  for  a  1  sec. 
averaging  time  can  be  expected.  The  wall  coating 
temperature  dependence  may  be  a  problem,  however. 
Nevertheless  it  is  expected  that  at  higher  tempera¬ 
tures  that  dependence  will  be  smaller  as  found  in 
Rb85.  On  the  other  hand  its  long  term  stability 
remains  to  be  Investigated.  However,  a  rubidium 
maser  incorporating  a  bulb  filled  with  10  Torr  of 
N2  and  coated  with  paraflint  has  now  been  in  ope¬ 
ration  for  nearly  5  years  without  any  signal  ampli¬ 
tude  degradation.  The  surface  is  thus  expected  to 
be  rather  stable  and  non  reactive  with  rubidium. 

The  remaining  question  is  its  frequency  stability 
with  time  and  this  has  not  been  measured  yet. 


Appendix 


Calculation  of  a(t)  and  Sy(f)  in  the  case  where 
the  stability  is  limited  by  shot  noise. 

The  profile  of  the  light  intensity  transmitted 
through  the  absorption  cell  and  detected  at  the 
photocell  is  assumed  to  be  of  the  form  shown  in  Fi¬ 
gure  4.  It  can  be  expressed  as: 


I(v)  -  I0(l  -  a  ,  A-l 

where  I  is  the  photocurrent,  T2  is  the  trans¬ 
verse  relaxation  time  and  g(v)  is  the  line  shape 
assumed  to  be  Lorentzlan. 


g(v) 


2T2 

1  +  T22(v-v0)2 


A-2 


The  full  line  width  at  half  the  height  is  given  by 


Av 


A-3 


Conclusion 


The  discriminator  pattern  is  essentially  the  deri¬ 
vative  of  A-l 


In  the  present  paper  we  have  examined  careful¬ 
ly  the  limits  of  stability  of  the  passive  rubidium 
frequency  standard.  In  the  short  term  region,  cal¬ 
culations  show  that  the  limit  is  due  to  the  pre¬ 
sence  of  white  frequency  noise.  Experiments  con¬ 
firm  these  calculations.  It  is  shown  that  improve¬ 
ment  in  short  term  stability  could  be  obtained  by 
increasing  the  line  Q  and  the  signal  to  noise  ra¬ 
tio.  In  cells  using  buffer  gases,  the  limits  are 
set  by  the  buffer  gas  relaxation  rate,  spin  exchan¬ 
ge  interactions,  light  broadening  and  interrogation 
power  broadening.  The  contribution  of  the  buffer 
gas  to  the  line  width  is  a  function  of  pressure. 

In  practice  it  appears  that  a  line  Q  of  the  order 
of  2.5  x  107  is  feasible  in  normal  operating  condi¬ 
tions.  In  the  paraflint  coated  cell  described  in 
this  article  a  line  Q  of  the  order  of  2.7  x  107  was 
realized  in  optimum  conditions  and  a  signal  to  noi¬ 
se  ratio  of  75  dB  was  obtained  in  a  1  Hz  bandwidth. 

The  same  paraflint  coated  cell  had  been  used 
previously  in  a  power  shift  experiment  [14].  It 
was  shown  that  the  removal  of  the  buffer  gas  per¬ 
mitted  a  large  reduction  in  power  shift  and,  thus, 
it  is  hoped  that  the  technique  could  be  used  to 


-  2ir2al0|g(v)|2(v-v0)  .  A-4 


The  width  between  the  discriminator  maxima  is 


6v  * 


1 

/3nT2 


A- 5 


The  peak  signal  amplitude  at  the  peak  of  the  dis¬ 
criminator  pattern  is 


i 

0  4/3Av 


A-6 


and  the  slope  at  the  center  of  the  discriminator  is 


dv 


A- 7 


The  addition  of  shot  noise  at  the  photodetector  ap¬ 
pears  as  a  frequency  instability  with  a  spectral 
density  given  by 


Sy(f) 


4el0 

(v0)2(i/dv)2 


A-8 
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Ia  this  expression  we  take  into  account  the  discri¬ 
minator  action  of  the  atomic  reference  combined 
with  the  lock-in  detector,  'file  signal  to  noise  ra¬ 
tio  is  defined  as 

,Sx2  (signal  power  at  maximum  of  discriminator) 

“  (shot  noise  power) 

,Sx2  (if/2)  .  . 

w  “-2^57-  •  A'9 

From  these  expression,  simple  algebra  gives 

,Sx2  33a2e2I0 
W  ’  2^- 

Sy(f)  - 2  • 

y  21 11V2(S/N)2 

The  time  domain  frequency  stability  is  then  given 
by 

,  .  0.11  t-i 

a<T)  “  Vs7i0 

where  we  have  used  the  relations  [6] 


<J2(t)  . 


valid  for  white  frequency  noise.  These  expressions 
are  similar  to  those  obtained  by  Lacey  at  at.  [15] 
although  they  have  been  derived  in  a  different  way. 
There  is,  however,  a  factor  of  2  difference  in  the 
frequency  stability  Sy(f),  our  value  being  smaller 
than  the  value  they  obtain. 
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Figure  1 

Block  diagram  of  the  passive  rubidium  frequency 
standard. 


SAMPLING  TIME  T  (stc). 

Figure  2 


Plot  of  frequency  stability  o(t)  for  a  typical 
commercial  rubidium  frequency  standard. 


Figure  3 


Linear  model  used  in  the  calculations  of  the  abort 
term  frequency  stability. 
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Light  intensity 
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Frequency  Stability  Transfer  Equation. 
Figure  5 

Block  diagram  used  for  the  servo  loop  equations. 


A-i?  =  1/3  Si? 


Line  shape  and  erneur  signal 


Figure  4 


Line  shape  and  discriminator  pattern. 


Figure  6  Discriminator  pattern  obtained  experimentally  with 

a  PIN  diode  used  as  detector.  The  various  curves 
are  for  different  light  intensities. 
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Figure  7  Current  shot  noise  against  frequency. 
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Figure  9 


Figure  8  Current  shot  noise  against  photocurrent. 
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Figure  10  Fractional  frequency  stability  spectral  density 
Sy(f)  for  the  free  running  crystal  oscillator. 


Block  diagram  of  the  experimental  set  up  used  to 
measure  Sy(f). 
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Figure  11 

Same  as  Figure  10  for  the  crystal  oscillator  locked 
to  the  atomic  resonance  line. 
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Figure  12 

Block  diagram  of  the  system  used  in  measurements 
with  the  parafllnt  coated  cell. 
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Figure  13 

Experimental  results  showing  the  temperature  depen¬ 
dence  of  the  hyperflne  frequency  of  rubidium  87  in 
a  parafllnt  coated  cell. 
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Abstract 

A  system  of  approximate  plate  equations  for 
the  determination  of  thermal  stresses  in  electroded 
piezoelectric  plates  is  applied  to  AT-cut  quartz 
trapped  energy  resonators.  The  change  in  resonant 
frequency  resulting  from  the  thermally  induced 
biasing  stresses  and  strains  is  determined  from  an 
equation  for  the  perturbation  of  the  eigenfrequency 
of  the  piezoelectric  solution  due  to  a  bias.  The 
changes  in  resonant  frequency  with  temperature  are 
calculated  for  a  number  of  harmonic  and  anharmonic 
overtone  trapped  energy  modes  for  rectangular  elec¬ 
trodes  oriented  in  various  directions  with  respect 
to  the  digonal  ax.s  on  AT-cut  quartz  plates.  In 
this  way  the  dependence  of  the  change  in  frequency 
per  °K  on  both  the  orientation  of  the  rectangular 
electrodes  and  the  electrode  geometry  is  determined. 

1.  Introduction 

A  perturbation  analysis  of  the  linear  electro¬ 
elastic  equations  for  small  fields  superposed  on  a 
bias  has  been  performed1 .  The  change  in  resonant 
frequency  due  to  any  bias  such  as,  e.g.,  a  residual 
stress  may  readily  be  obtained  from  the  resulting 
equation. for  the  perturbation  of  the  eigenfrequency 
if  the  bias  is  known.  In  addition,  a  system  of 
approximate  plate  equations  f-.r  the  determination 
of  thermal  stresses  in  thin  piezoelectric  plates 
coated  with  large  much  thinner  films  was  derived3 
from  Mindlin's  plate  equations3“c .  The  resulting 
approximate  equations  simplify  the  treatment  of 
many  thermal  stress  problems  considerably,  and  the 
three-dimensional  detail  not  included  in  the  approx¬ 
imate  description  is  not  deemed  to  be  important 
for  our  purposes.  Furthermore,  an  analysis  of  AT- 
cut  quartz  trapped  energy  resonators  with  rectang¬ 
ular  electrodes  vibrating  in  the  usual  coupled 
thickness-shear  and  thickness-twist  modes  has  been 
performed 

In  this  paper  the  aforementioned  system  of 
approximate  static  thermoelastic  plate  equations 
for  the  anisotropic  plated  crystal  plate  is  applied 
to  AT-cut  quartz  plates  with  large  rectangular 
electrodes  oriented  in  various  directions  with 
respect  to  the  digonal  axis  of  the  AT-cut  quartz 
plate.  The  approximate  three-dimensional  displace¬ 
ment  field  resulting  from  the  solution  of  the  plate 
equations  is  readily  determined  from  the  descrip¬ 
tion.  Since  the  rectangular  electrodes  have  an 
arbitrary  orientation  with  respect  to  the  digonal 
axis  of  the  AT-cut  quartz  plate,  the  existing 


approximate  solution  for  the  eigenmodes  of  the 
trapped  energy  resonator6  must  be  modified  essenti¬ 
ally  to  account  for  the  coupling  of  the  symmetric 
and  antisytrmetric  trapped  energy  modes.  Since  the 
direct  inclusion  of  the  coupling  coefficient,  which 
is  not  too  large,  would  drastically  alter  the  exist¬ 
ing  approximate  solution6,  the  influence  of  the 
coupling  of  the  antisymmetric  mode  on  the  eigenfre¬ 
quency  of  the  symmetric  mode  is  treated  by  means  of 
a  perturbation  procedure.  The  substitution  of  the 
thermoelastic  three-dimensional  displacement  field 
into  the  above-mentioned  equation  for  the  perturba¬ 
tion  of  the  eigenfrequency  along  with  the  approxi¬ 
mate  solution  for  the  vibrating  modes  in  trapped 
energy  resonators  and  the'  first  temperature  deriva¬ 
tives  of  the  fundamental  elastic  constants  of 
quartz7  enables  the  calculation  of  the  temperature 
dependence  of  the  resonant  frequencies  of  electroded 
AT-cut  quartz  trapped  energy  resonators  due  to  the 
thermally  induced  biasing  deformation  as  a  function 
of  the  orientation  of  the  rectangular  electrodes 
with  respect  to  the  digonal  axis.  The  influence  of 
the  temperature  dependence8"10  of  the  motional 
capacitive  effect  of  the  electrodes  on  the  resonant 
frequency  of  thickness  vibrations  of  the  electroded 
portion  of  the  plate  resulting  from  the  temperature 
dependence  of  the  pertinent  (for  thickness  vibra¬ 
tions  of  AT-cut  quartz  plates)  piezoelectric  and 
dielectric  constants  is  included  in  the  treatment. 
Results  are  presented  for  rectangular  gold  elec¬ 
trodes  with  different  aspect  ratios  oriented  in  * 
various  directions  on  AT-cut  quartz  plates  for  a 
number  of  harmonic  and  anharmonic  trapped  energy 
modes.  In  particular,  it  is  shown  that  a  square 
electrode  minimizes  the  orientational  dependence 
of  the  change  in  frequency  with  temperature.  In 
addition,  the  change  in  frequency  with  temperature 
of  the  fundamental  trapped  energy  mode  for  rec¬ 
tangular  electrodes  oriented  along  the  digonal  axis 
of  the  AT-cut  quartz  plate  is  obtained  as  a  func¬ 
tion  of  the  ratio  of  the  electrode  geometry  to  the 
plate  thickness.  These  latter  results  are  related 
to  the  dependence  of  the  apparent  shift  in  angle 
of  the  zero  temperature  cut  on  the  electrode 
geometry. 

2.  Perturbation  Equations 

For  purely  elastic  nonlinearities  the  equation 
for  the  first  perturbation  of  the  eigenvalue  ob¬ 
tained  from  the  perturbation  analysis1  mentioned  in 
the  Introduction  may  be  written  in  the  form 

VA1  ■*vV  (2,l) 
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where  and  <u  are  the  unperturbed  and  perturbed 
eigenfrequencies,  respectively,  and 


•r  y,l 


dV 


(2.2) 


where  V  is  the  undeformed  volume  of  the  piezoelec¬ 
tric  plate  at  the  reference  temperature  .  In 
(2.2)  5^  denotes  the  normalized  mechanical  dis¬ 
placement  vector,  and  k£y  denotes  the  portion  of 
the  Piola-Kirchhoff  stress  tensor  resulting  from 
the  biasing  state  and  a  change  in  the  elastic 
constants  A§LYHa  in  the  presence  of  the  and 
is  given  by 


(2.3) 


where 


'LyVkt  ”  TLM6Ya  +  §LyMc*ABEAB  +  faiofa,  K 

+  C2LmYWY,K  (2‘4) 


and 


TLM=  flMO^KN  "  VLM(T  “  V  * 

W  (2*5> 


The  quantities  E*  a  and  wK  denote  the  static 
biasing  stress,  strain  and  displacement  field,  re¬ 
spectively.  Thus,  in  this  description  the  present 
position  y  is  related  to  the  reference  position  X 
by 


y(XL,t)  =X+w(XL)  +u(XL,t)  .  (2.6) 


The  coefficients  gUMK N  and  gLY«tue  denote  the 
second  and  third  order  elastic  constants,  respect¬ 
ively,  vL„  denotes  the  thermoelastic  coupling  co¬ 
efficients  and  T  denotes  the  present  temperature. 


Hie  normalized  eigensolution  $  and  ^  is  de¬ 


fined  by 


where  and  cj1  are  the  mechanical  displacement  and 
electric  potential,  respectively,  which  satisfy  the 
equations  of  linear  piezoelectricity 


At  this  point  we  note  that  if  the  relative 
change  in  the  piezoelectric  constants  with  temper¬ 
ature  were  of  the  same  order  of  magnitude  as  the 
relative  change  in  the  elastic  constants,  the  tem¬ 
perature  dependence  of  the  piezoelectric  constants 
would  indeed  be  negligible  in  the  description  be¬ 
cause  of  the  small  piezoelectric  coupling  in 
quartz.  However,  this  is  not  actually  the  case  and 
the  relative  temperature  dependence  of  the  piezo¬ 
electric  coefficients  is  nearly  two  orders  of  mag¬ 
nitude  larger  than  that  of  the  elastic  coeffi¬ 
cients11  .  As  a  consequence  at  least  certain  as¬ 
pects  of  the  temperature  dependence  of  the  piezo¬ 
electric  constants  must  be  included  if  the  descrip¬ 
tion  presented  here  is  to  be  physically  meaningful. 
Although  the  perturbation  theory  in  Ref. 1  includes 
the  full  electroelastic  interaction,  it  was  not 
retained  here  because  the  temperature  derivatives 
of  the  complete  piezoelectric  and  dielectric 
tensors  is  not  presently  known.  Moreover,  the 
existing  temperature  derivatives  of  the  fundamental 
elastic  constants  of  quartz7  effectively  contain  a 
portion  of  the  influence  of  the  temperature ‘depend¬ 
ence  of  the  piezoelectric  and  dielectric  constants, 
primarily  that  resulting  from  the  piezoelectric 
stiffening  of  the  waves.  Nevertheless,  the  influ¬ 
ence  of  the  temperature  dependence  of  the  piezo¬ 
electric  and  dielectric  constants  on  that  of  the 
motional  capacitive  (shorting)  effect  of  the  elec¬ 
trodes  on  that  of  the  resonant  frequency  of  thick¬ 
ness  vibrations  of  the  electroded  portion  of  the 
plate  is  not  contained  in  the  purely  elastic  per¬ 
turbation  integral  in  (2.2).  in  view  of  the  fore¬ 
going,  the  general  electroelastic  perturbation  in¬ 
tegral  in  Ref. 1  has  been  appropriately  modified13 
to  include  the  influence  of  only  the  linear  term  in 
the  thickness  eigensolution  in  the  electroded  region 
and  the  temperature  dependence  of  the  one  pertinent 
piezoelectric  constant,  with  the  result 


"  J  [*LY9Y,L_2266*26 


Ae26  gl(hH 

e26  gl,2  h  J 


dV, 

(2.10) 


where  the  usual  compressed  matrix  notation  for  the 
tensor  indices  has  been  introduced,  a  cross-section 
of  the  electroded  AT- cut  quartz  plate  is  shown  in 
Fig.l  along  with  associated  coordinate  system  and 


£2  2  . 
k26“e26^66e22> 


(2.11) 


V  “  CLymA,M+  eMLY9,M' 

^l”  ®I«YUY,m"  eLM^,M,  (2.8) 
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subject  to  the  appropriate  boundary  conditions, 
and  p  is  the  mass  density.  Equations  (2.8)  are  the 
linear  piezoelectric  constitutive  relations  and 
(2.9)  are  the  stress  equations  of  motion  and  charge 
equation  of  electrostatics,  respectively.  Hie 
upper  cycle  notation  for  many  dynamic  variables 
and  the  capital  Latin  and  lower  case  Greek  index 
notation  is  being  employed  for  consistency  with 
Ref.  1,  as  is  the  remainder  of  the  notation  in  this 
section. 


where  ea6  and  e33  are  the  significant  piezoelectric 
and  dielectric  constants  here. 

3,  Temperature  Induced  Biasing  State 


It  has  been  shown?  that  referred  to  the  coordi¬ 
nate  system  shown  in  Fig.l  the  static  purely  exten- 
sional  thermoelastic  plate  equations  for  the  plated 
crystal  plate  may  be  written  in  the  form 


V, 


(0) 


I  V<2>  -0 

>  x 


(3.1) 


where  A,  B,  C,  D  take  the  values  1  and  3  and  skip  2 
and  xig '  and  are  zero  *nd  second  order 
plate  stress  resultants,  respectively,  for  the  elec¬ 
troded  crystal  plate.  For  homogeneous  temperature 
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states  and  identical  electrodes  on  the  upper  and  plate  at  T«  •  From  (3,9)  and  (3,10)  we  have 

lower  surfaces  the  extensional  constitutive  equa-  ^ 

tions  may  be  written  in  the  form  T4  ■  0,  (3.11) 


(YABCD  +  TT  VABCD>CT)  +  2h3(l 


yabcd  + 


tt  -  a(sM  ♦  '&)<*-*„> , 

6h'v^KM»5(v. 


C-M 


YABCD+*h 


ABCD 


lOh 

h 

where 


1Y'  V(2)  h3fs  ^v^OT-T  ) 

YRBCDrCD  3  n  v  AB+  h  AB/ 1  o'  » 


s  v'  -  v'c'  /c/ 

R  V2C2R/C22  » 


(3.2) 

(3.3) 


in  the  compressed  notation  and  we  have  introduced 
the  usual  compressed  matrix  notation  for  tensor 
indices  according  to  the  scheme 


for  the  unelectroded  portion  of  the  plate.  Since 
the  thermoelastic  coupling  constants  vML  are  re¬ 
lated  to  the  coefficients  orjK  by  the  usual  relation 

VMl"  CMI»TKaJK  ’  (3.12) 

from  (2.5)j,  (3,11)  and  (3.12),  we  have 

4-<wt-v  »  (3*l3) 

in  the  unelectroded  region. 


By  virtue  of  (3.11),  along  the  edges  of  the 
electroded  region  of  the  plate,  we  have 


naC-°>  naC-°> 


(3.14) 


R,S«1,3,5;  W,V=  2,4,6, 


(3.4) 


and 


-1 


YRS  ”  °RS  ”  CRWCWV°VS  ’  ^R "  VR  “  CRW°WVVV  *  <3,5> 

The  Yu  3  are  Voigts*  anisotropic  plate  elastic  con¬ 
stants  and  the  PR  are  the  associated  anisotropic 
plate  thermoelastic  constants.  For  the  case  of  an¬ 
isotropic  extension  considered  here  the  three- 
dimensional  strains  EkL,  which  are  needed  in  the 
perturbation  equation,  are  related  to  the  plate 
strains  by 

-  h  (w„  T  +wT  „)  -E^  +xM?}  .  (3.6) 


ekl  -  2  (wK,r.+wL,K’ "ekl  +X? 


KL 


The  plate  strains  EAR  ^  (n=0,2),  which  occur  in 
(3.2),  are  given  by 

E(n)  -  A  <w(n)  +w(n)) 

EAB  2  (wA,B  +  wB,a'  ' 


(3.7) 


where  NA  denotes  the  outwardly  directed  unit  normal 
to  the  edge  of  the  electrode  at  T«*T0.  The  solution 
satisfying  (3.14)  and  (3.1)  takes  the  fort 


„(°) 

*AB 


o  y{2) 

*AB 


0. 


(3.15) 


This  solution  is  unique  to  within  static  homogene¬ 
ous  plate  rotations  of  zero  and  second  order.  Sub¬ 
stituting  from  (3.2)  into  (3.15),  we  obtain 


(■ 


Y 

yrs  h 


(2) 


•0»**Tr 


(2) 

s 


(3.16) 


and  the  remaining  plate  strains,  which  jure  needed 
in  (3.6)  as  well,  may  be  obtained  from 


,(0)_ 


'  cwv°vs"s 


,e!0)  +  (T  -  Tq)  , 


Ef*'VvsEs 


wv'v 

(2) 


(3.8) 


The  foregoing  has  been  for  the  electroded 
portion  of  the  plate.  In  the  unelectroded  portion 
the  situation  is  somewhat  simpler  and  we  have  the 
ordinary  stress  equations  of  equilibrium 


T  *  0  a 
ML,M  * 


(3.9) 


along  with  the  constitutive  equations  (2,5)x. 

Since  the  outside  edges  of  the  plate  jure  traction 
free  along  with  the  unelectroded  major  surfaces, 
we  have 

v&.“°,  <3'lo) 


on  all  unelectroded  surfaces,  where  N*  denotes  the 
unit  normal  to  all  unelectroded  surfaces  of  the 


Equations  (3.16)  constitute  six  inhomogeneous  linear 
equations  which  may  readily  be  solved  for  the  six 
plate  strains  E^0)  and  E^3'.  When  and  B,' 
have  been  determined  from  (3,16),  and  e£3'  are 
readily  determined  from  (3.8).  Then  the  three- 
dimensional  biasing  strain  can  be  obtained  from 
(3.6),  Which  is  for  anisotropic  extension.  There 
is  no  flexure  because  the  resonator  has  identical 
electrodes  and  is  subject  to  a  homogeneous  tempera¬ 
ture  change  (T-Tfc). 


It  is  well  known  that  in  static  linear  elastic¬ 
ity  the  solution  to  a  boundary  value  problem  is 
unique  only  to  within  a  static  homogeneous  (global) 
infinitesimal  rigid  rotation13 .  Similarly,  the 
solution  to  a  static  linearly  elastic  boundary 
value  problem  using  the  approximate  plate  equations 
is  unique18  only  to  within  homogeneous  infinitesi¬ 
mal  nth  order  plate  rotations  where14 


-  62i>Tcn+1>)1’  (3'17) 


386 


and  the  three-dimensional  small  rotation  field  (\  L 
is  given  by 


<WL,  K  ”  WK, 


(3.18) 


where  the  bar  refers  to  the  electroded  region  of  the 
plate,  we  have  suppressed  the  index  1  on  u  and  u 
and 


Mn-cll+(c12  +  c66)r  + 


We  now  note  that  when  the  equations  of  equilibrium 
for  the  plate  stress  resultants,  (3.1),  are  satis¬ 
fied  trivially,  as  is  the  case  here,  the  relaxa¬ 
tion  of  the  stress  resultants.  (3.15),  results  in 
homogeneous  plate  strains  E^'  and  homogeneous 
plate  rotations  which  are  consistent  with 

three-dimensional  strain  gradient  -  rotation 
gradient  relations18.  Accordingly,'  with  (3.6) 
and  (3.18)  we  have 


!E£)+x2 e£)+j£l 


(3.19) 


in  which  we  have  introduced  bars  to  denote  the 
electroded  region  and  where  the  biasing  displace¬ 
ment  gradients  w|(|  N  are  known  linear  functions  of 
JT-l^),as  is  the  consistent12^  rotation  field 
OifL.  Thus,  we  may  now  obtain  cLYHa  *n  (2.4)  as  a 
known  linear  function  of  (T  -  TJ, )  in  the  electroded 
region.  In  the  unelectroded  region  the  homogen¬ 
eous  strain  state  is  given  by  (3.13)  and  the  static 
homogeneous  (global)  infinitesimal  rigid  rotation 
is  indeed  arbitrary.  In  fact,  the  change  in  fre¬ 
quency  due  to  a  homogeneous  infinitesimal  rigid 
rotation  has  been  shown  to  vanish? .  Consequently, 
we  may  select  the  homogeneous  infinitesimal  rigid 
rotation  to  take  any  value  that  is  convenient  and 
in  particular  to  vanish,  and  we  have 

‘k-l'vv0’  (3-2o> 

which  with  (2.5)2  and  (3,13)  yields 

w  -tf-yCT-T  )  .  (3.21) 

J y  K  JK  O 


The  substitution  of  (3.13),  (3.21)  and  (3.11)  in 
(2.4)  yields  cLY„a  as  a  known  linear  function  of 
(T  -  I), )  in  the  unelectroded  region. 

4.  Eigenmodes  in  Trapped  Energy  Resonators 

A  plan  view  of  a  rectangular  electrode  with 
the  electrode  axis  X,  rota teg  by  an  angle  y  with 
respect  to  the  digonal  axis  Xj  of  the  AT-cut  quartz 
plate  is  shown  in  Fig. 2.  Referred  to  the  Xx  -X3 
axes,  it  has  been  shown6  that  the  differential 
equations  of  coupled  thickness-shear  and  thickness- 
twist  vibrations  for  the  unelectroded  and  elec¬ 
troded  portions  of  the  plate  can  be  written  in  the 
respective  forms 

2  2 

MnU,ll +  c55U,r3  - *66u  '  pU "  0  ’  (4<1) 

Mn5,ii  +  055S,33-^T  Ac66*-p8  =  0’  (4*2) 


4  (r*66~C66)(c22r+c12)cot  K  m/l 


c22MTK 


2 

_  ,  e26 

a  _  8k26 

e66“c66  TIT  > 

c66“c66Vi  "  2  2 

22 

n  tt 

2 

C12  +  c66 

2  *76 

r  "  5  -  c 

c66  c22 

’  126  566*22  ’ 

(4.3) 


2p'h 
ph  ’ 


t 


(4.4) 


and  p#  is  the  mass  density.  When  Eqs. (4.1)  and 
(4.2)  are  transformed  to  the  electrode  axes  Xx  and 
Xg  they  take  the  respective  forms 


A11U,11  +  A13U,13  +  A33u,33  +  (p<u2 
Alin,  11 +  A13u,  13  +  A33u,  33  +  (pU) 


2  2 
n  tt 

4h2 


2  2 
n  tt  /. 


he)'1’0’ 

(4.5) 

)u«0, 

(4.6) 


in  which  we  have  introduced  the  time  dependence 
exp  (iu>t)  and  u  and  u  are  space  dependent  only  and 

2  2 

“  Mn  003  V  +  c55  sin  Y  ,  a13  *  (cg5  -  Mr)  sin  2y 
2  2 

A33  “  Mn  sin  Y  +  c55  cos  Y  *  (4.7) 

The  existence  of  the  material  coefficient  A*a  in 
Eqs,  (4.5)  and  (4.6)  results  in  the  occurrence  of 
mixed  derivative  terms,  which  essentially  couple 
the  antisymmetric  to  the  symmetric  trapped  energy 
modes  and  prevent  the  existing  simple  approximate 
solution  for  the  trapped  energy  modes  from  being 
extended  to  the  present  asymmetric  case  in  a 
straightforward  way13.  Moreover,  in  the  worst 
possible  case  encountered  here 

A13“  .326  +  A^3  .  (4.8) 

Consequently,  we  simply  ignore  Aj3  in  (4,5)  and 
(4.6)  in  obtaining  the  trapped  energy  eigensolu- 
tions  and  find  its  influence  on  the  eigenfrequen- 
cies  by  means  of  a  perturbation  procedure  to  be 
discussed  later, 

A  plan  view  showing  one  quadrant  of  the 
trapped  energy  resonator  with  the  rectangular 
electrode  is  shown  in  Fig. 3  along  with  the  elec¬ 
trode  coordinate  system  and  the  labeling  of  the 
four  distinct  regions  considered  in  the  solution. 
In  accordance  with  the  earlier  work?  the  edge  con¬ 
ditions  are 
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Q«u  ,  u  at  X^ii,  |x3|  <b, 

u«uT,  u  3“UT3  at  X3”*^>  |x^|  <  If 

uT-uC,  u^  ■  uC^  at  X^  *  ±  l,  |x3|>b, 

uS«uC,  uS3-uC3  at  X3-±b,  JXj^l  >  X  .  (4.9) 

As  shown  earliest ,  in  the  absence  of  Ala  the  sym¬ 
metric  eigensolutions  satisfying  (4.6)  in  the  elec- 
troded  region  and  (4.5)  in  the  unelectroded  regions 
marked  T  and  S  and  the  edge  conditions  in  (4.9)  are 
given  by 

_  nrrx2  _ 

u  »  B  sin  — cos  §XX  cos  VX3  , 

s  s  nnX2  -§S(X-i) 

u  ■  B  sin  — 2j“  e  c°s  vX3  , 

T  T  n,TX2  -  “vT(X3-b) 

u  ■  B  sin  ^  1  cos  §X3  e  , 

c  c  *”**2  _5S  -VT(X3-b) 

u  <«  B  sin  — j--  e  e  , 


(4.10) 


provided  the  transcendental  equations 
_  —  rY„  pY 


1/2 
!  > 
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are  satisfied  where  2  ■* 

2  2  4kf 

Yn-  566  3r[^l  +  RJ*  <4*12> 

in  n  tt 

For  a  given  h,  l  and  b  values  of  5  and  v  for  the 
respective  symmetric  trapped  energy  modes  are  the 
roots  of  the  respective  equations  in  (4.11).  The 
symmetric  eigenfrequency  3a)j  is  then  found13  by 
substituting  (4.10)!  in  (4.6)  and  5s  and  vT  are 
obtained2  by  substituting  (4. 10)a_3 ,  respectively, 
in  (4.5),  The  relations  between  the  amplitudes  in 
the  different  regions  are8 

BS  «  B  cos  ,  BT  ■  B  cos  vb  , 

BC»Bcos  ?£  cos  .  (4.13) 

In  addition  to  the  uj(uj)  displacement  field 
satisfying  (4.5)  [(4.6)]  there  is  an  accompanying 
u2  (Ug )  displacement  field  which  for  convenience16 
we  take  in  the  form12 

/  ...  nrrX. 


(2)  mrrx2, 

b2  008  ~2ir 


sin fXj^  cos  vX3  ,  (4.14) 
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2  c22>um  sin  nmt/2  *  '  *  " 

and  with 

§  ■  (f2cos2Y  +  v2 sin2y)  **  |S  «  (£S2cos2y  +  vS2sin2Y>  ** 

v  -  (|2sin2Y  +  ^cos 2y)  **  VT«  (^sin^  +  vT2cos2y)  h 

(4.18) 

Since  the  coefficient  Ala  essentially  couples 
the  antisymmetric  with  the  symmetric  solutions,  the 
nearby  normalized  antisymmetric  solution  must  be 
included  in  the  perturbation  term  in  the  integral 
for  the  perturbation  of  the  eigenfrequency.  In 
fact,  since  the  perturbation  term  from  the  symmetric 
solution  integrates  to  zero,  the  perturbation  takes 
the  form?3 

V--55rI,»l<13s^  <«•»> 

S  |i  V 


and  *ii*  is  the  symmetric  trapped  energy  eigensolu- 
tion  presented  in  (4.10)  and  is  the  nearby 
antisymmetric  trapped  energy  eigensolution,  which 
is  obtained  by_replacing  cos  ^  and  cos  vXj  in 
(4.10)  by  sin  and  sin  VXg ,  respectively,  and, 
of  course,  the  tangent  functions  in  (4.11)  are  re¬ 
placed12  by  cotangent  functions.  The  perturbed 
frequency  ajj  resulting  from  the  existence  of  A^  is 
given  by 

u>  «  „u>  +  6  .  (4,21) 

|i  S  H 


c„Knn  sin  xnn/2  ’ 
u  (4.15) 
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(5.6) 


5.  Temperature  Dependence  of  Resonant  Frequency 

Before  the  temperature  dependence  of  the  res¬ 
onant  frequency  of  an  AT-cut  quartz  trapped  energy 
resonator  can  be  calculated,  the  temperature  de¬ 
pendence  of  e26  must  be  estimated  from  experimental 
data.  .This  estimate  can  be  most  accurately  made 
using  data  on  the  temperature  dependence  of  the 
thickness  vibrations  of  both  unelectroded  and  elec- 
troded  AT-cut  quartz  plates.  Since  this  data  does 
not  appear  to  be  presently  available,  we  have  used 
the  best  data  we  could  find16  in  obtaining  the 
estimate  of  deg6/dT,  which  is  on  the  difference  in 
the  temperature  dependence  of  the  resonant  fre¬ 
quencies  of  both  the  fundamental  and  fifth  overtone 
trapped  energy  modes.  We  used  the  difference  in 
the  two  temperature  dependences,  rather  than  either 
one  separately,  because  the  measurements16  were 
made  with  circular  electrodes  and  the  analysis  was 
for  circumscribed  square  electrodes.  From  the  data 
and  the  analysis  we  obtain  the  estimate12 

(l/e26)de26/dT=1.3X10"4/°K  .  (5.1) 

We  are  now  in  a  position  to  calculate  the 
change  in  frequency  with  temperature  from  (2.1)  for 
any  one  trapped  energy  mode,  where  from  (2.10)  for 
the  trapped  energy  modes  we  have12 
h  Z  b 

V4  I  dX2[J  dXl(J  <^>dX3  + 

-h  o  o 

J  <?TdX3)  +  J  dXx(J  ^dX3  +  J  <?CdX3)]  ,  (5.2) 

b  &  o  b 


where  <?  for  each  of  the  four  regions  is  given  by 

2  2 

9“  %in  +  Aflin)  (g  ig,i  cos  Y  +  g,3g,3  sin  Y) 

+  (°212l  +  2l2 1* g, 29, 2  +  (c2222  +  A22222 5  g2 , 292, 2 

+  '=3131  +  Ai3i3i> <g, lg, 1  sin2V  +  g, 3g, 3  cos2y) 

+  2  (£1122  +  Aril22)  g2, 2g,  1 +  2  <Vfl2 

+  Vll2)g,2g2,l  »  (5<3) 


with  the  appropriate  superscript  understood  and 

-  .  ?2  1  de26  g(h) 

C  =  _2fl2l2k26  e26  dT  (T_To)g,2  h  *  <5,4) 


The  ctYHa  in  (5.3)  are  known  as  linear  expressions 
in  (T-T0)  from  the  analysis  in  Sec. 3  and  the  change 
in  the  elastic  constants  with  temperature  AgLYMs 
are  given  by 


^LvMa=(dWdT)(T"V^  (S* 

where  the  dcLYHa/dT  are  obtained  from  the  first  tem- 
?  srature  derivatives  of  the  fundamental  elastic 
constants  of  quartz7  dclf8H/dT  referred  to  the 

principal  axes  by  the  tensor  transformation 
relation 


d  d  ~ 

dT  SLyMa=aLDaYE^FaaG  dT  2DEFG  ’ 


where  the  aYt  are  the  matrix  of  direction  cosines 
for  the  transformation  from  the  principal  axes  to 
the  coordinate  system  containing  the  axes  referred 
to  the  electroded  plate.  When  the  conventional  IEEE 
notation17  for  doubly-rotated  plates  is  written  in 
the  form  (Y,X,w,jt)«f,  9,  where  f  =  0,  the  rotation 
angles  ep  and  6  are  the  first  two  Euler  angles,  and 
for  the  AT-cut  ,  cp »  0°  and  8  =  35.25°,  from  which 
the  a<jQ  can  be  determined.  Clearly,  the  trans¬ 
formation  reletions  for  the  second  and  third  order 
elastic,  piezcelectric  and  dielectric  constants, 
and  coefficients  of  linear  expansion  may  be  written 
in  the  respective  forms 


2 KLMN  ”  aKDaUEaMFaNG2DEFG 
f KLMNAB  ”  aKDai£aMFaNGaAHaBl3DEFGHI  ’ 


eKLM°*  aKDaEEaMFeDEF 


5KL=  aKMaLNeMN  ’  °KL  “  “^LN^MN  ’ 


(5.7) 


where  the  tensor  quantities  with  the  upper  cycle 
are  referred  to  the  principal  axes  of  the  crystal. 


Calculations  have  been  performed  using  the 
known  values  of  the  second  order  elastic,  piezo¬ 
electric  and  dielectric  constants  of  quartz18,  the 
third  order  elastic19  and  thermoelastic20  constants 
of  quartz  and  the  recently  obtained7  temperature 
derivatives  of  the  fundamental  elastic  constants  of 
quartz.  Hie  results  of  the  calculations  are  pre¬ 
sented  in  Figs. 4  -  8.  Figure  4  shows  the  calculated 
change  in  frequency  with  temperature  for  an  AT-cut 
quartz  plate  1.7  mm  thick  with  4000  k  thick  rect¬ 
angular  gold  electrodes  as  a  function  of  the  elec¬ 
trode  orientation  for  the  fundamental  trapped  mode 
for  three  b/Z  ratios  for  Z/h ■  20.  The  orienta¬ 
tional  dependence  for  the  square  electrodes  is  much 
smaller  than  for  the  rectangular  electrodes  because 
the  squareness  tends  to  reduce  the  influence  of  the 
anisotropy.  Figure  5  shows  the  change  in  frequency 
with  temperature  for  the  fundamental  trapped  mode 
as  a  function  of  the  Z/ h  ratio  for  three  b/Z  ratios 
with  y  =  0.  The  thickness  of  both  the  AT-cut  quartz 
plate  and  the  electrodes  is  the  same  as  for  Fig. 4 
and,  indeed,  is  maintained  for  all  the  figures. 
Figure  5  clearly  shows  that  the  change  in  frequency 
with  temperature  is  a  rather  significant  function 
of  the  electrode  configuration,  vanishes  when  there 
is  no  electrode  and  is  asymptotic  to  the  pure 
thickness  vibration  value  at  an  Z/ h  ratio  of  about 
70  for  the  square  electrode.  This  means  that  the 
apparent  shift  in  angle  for  the  zero  temperature 
cut  depends  somewhat  significantly  on  the  electrode 
configuration.  Figure  6  shows  the  change  in  fre¬ 
quency  with  temperature  due  to  the  presence  of  the 
electrodes12  for  the  cases  treated  in  Fig. 5.  Since 
a  portion  of  the  aging  rate  is  a  result  of  the 
relaxation  of  residual  stress  in  the  electrodes , 
the  change  in  frequency  shown  in  Fig. 6  is  the  por¬ 
tion  of  the  actual  change  in  the  frequency  that 
contributes  to  the  aging  rate.  Note  that  the 
change  in  frequency  with  temperature  due  to  the 
electrodes  shown  in  Fig. 6  is  about  two  orders  of 
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magnitude  smaller  than  the  actual  change  shown  in 
Fig. 5.  Figure  7  shows  the  change  in  frequency 
with  temperature  of  the  fundamental  and  third  and 
fifth  harmonic  overtones,  as  a  function  of  y  for 
square  gold  electrodes  with  1/ h *  20.  It  can  be 
seen  from  the  figure  that  both  the  actual  change 
in  frequency  and  the  orientational  dependence  is 
much  smaller  in  the  harmonics  than  in  the  funda¬ 
mental.  Figure  8  shows  the  change  in  frequency 
with  temperature  of  some  of  the  anharmonic  over¬ 
tones  of  the  fifth  harmonic  as  compared  with  the 
fifth  harmonic  as  a  function  of  y  for  square  gold 
electrodes  with  jt/h“20.  The  figure  indicates 
that  the  change  in  frequency  with  temperature  of 
the  anharmonics  is  considerably  larger  than  that 
of  the  fifth  harmonic  and  that  the  orientational 
dependence  of  that  of  the  anharmonics  with  a  dif¬ 
ferent  number  of  nodes  in  the  two  directions  in 
the  plane  of  the  plate  is  much  greater  than  for 
those  with  the  same  number  of  nodes  in  the  two 
directions. 

The  results  presented  here  can  readily  be 
checked  experimentally  by  successive  deposition  of 
differently  oriented  rectangular  electrodes  on  one 
quartz  plate. 
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gular  Electrodes  with  Respect  to  the  Diagonal 
Axis  of  the  AT-cut  Quartz  Plate 
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cnange  in  tne  Resonant  Frequency  per  UK  for  the  Fundamental 
Trapped  Mode  as  a  Function  of  the  Orientation  of  the 
Electrodes  with  Respect  to  the  Digonal  Axis  of  the  1.7  mm 
Thick  AT-Cut  Quartz  Plate.  Hie  curves  are  for  three  different 
aspect  (b/f  Jratios  of  the  4000  A  thick  gold  electrodes  with 
A/h  »  20. 


Change  in  the  Resonant  Frequency  per°K  due  to  the 
Electrodes  for  the  Cases  Treated  in  Fig. 5 


Figure  5 

Change  in  the  Resonant  Frequency  per  °K  for  the  Fundamental 
Trapped  Mode  as  a  Function  of  the  A/h  Ratio  for  Three  b/A 
Ratios  of  4000  A  Thick  Rectangular  Gold  Electrodes  Oriented 
Along  the  Digonal  Axis  (y  =  0)  of  the  1.7  wm  Thick  AT-Cut 
Quartz  Plate 
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Figure  7  Change  in  the  Resonant  Frequency  per  °K  for  the  Fundamental 
and  Third  and  Fifth  Harmonic  Overtone  Trapped  Modes  as  a 
Function  of  the  Orientation  of  the  Electrodes  with  Respect 
to  the  Digonal  Axis  of  the  1.7  mm  Thick  AT-Cut  Quartz  Plate. 
The  square  gold  electrodes  are  4000  k  thick  and  1/ h = 20. 

The  notation  N,M,P  denotes  the  number  of  nodes  in  the  X2,X.., 
X  -directions. 
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Figure  8  Change  in  the  Resonant  Frequency  per  K  for  the  Fifth  Harmonic 
and  Some  of  the  Anharmonic  Overtones  of  the  Fifth  Harmonic 
Trapped  Modes  as  a  Function  of  the  Orientation  of  the 
Electrodes  for  the  Geometry  Considered  in  Fig. 7 
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Abstract 

The  temperature  distribution  in  the  quartz 
plate  is  obtained  from  the  uncoupled  heat  conduc¬ 
tion  equation  subject  to  appropriate  initial  and 
boundary  conditions.  The  time-dependent  thermally 
induced  biasing  state  is  determined  from  the  exact 
equations  of  static  linear  thermoelasticity  for  the 
unelectroded  plate  a-1  from  a  system  of  approximate 
thermoelastic  extensional  plate  equations  for  the 
electroded  plate.  Hie  time-dependent  change  in 
resonant  frequency  resulting  from  the  thermally 
induced  biasing  state  is  determined  from  an  equa¬ 
tion  for  the  perturbation  of  the  eigenfrequency 
due  to  a  bias.  Results  are  presented  for  a  number 
of  thermally  compensated  as  well  as  uncompensated 
cuts  of  quartz  for  some  physically  meaningful  tem¬ 
perature  inputs. 

1.  Introduction 

A  perturbation  analysis  of  the  linear  electro¬ 
elastic  equations  for  small  fields  superposed  on  a 
bias  has  been  performed .  The  change  in  resonant 
frequency  due  to  any  bias  such  as,  e.g,,  a  residual 
stress  may  readily  be  obtained  from  the  resulting 
equation  for  the  perturbation  of  the  eigenfrequency 
if  the  bias  is  known.  In  addition,  a  system  of  ap¬ 
proximate  plate  equations  for  the  determination  of 
thermal  stresses  in  thin  piezoelectric  plates 
couted  with  large  much  thinner  films  was  derived3 
from  Mindlin' s  plate  equations3-6 .  The  resulting 
approximate  equations  simplify  the  treatment  of 
many  thermal  stress  problems  considerably,  and  the 
three-dimensional  detail  not  included  in  the  ap¬ 
proximate  description  is  not  deemed  to  be  important 
for  our  purposes. 

When  a  quartz  resonator  is  subject  to  a  change 
in  the  ambient  temperature,  it  undergoes  a  time- 
dependent,  inhomogeneous  temperature  distribution 
which  causes  the  resonant  frequency  to  drift  in 
time®'7  until  the  new  thermal  equilibrium  state  is 
reached.  In  this  paper  the  time-dependent,  inhomo¬ 
geneous  temperature  distribution  in  the  quartz 
plate  is  obtained  from  the  uncoupled  heat  conduc¬ 
tion  equation  for  thickness  dependence  only,  sub¬ 
ject  to  the  appropriate  initial  and  boundary  condi¬ 
tions.  Since  the  heat  conduction  is  sufficiently 
slow  compared  to  the  speed  of  elastic  waves,  the 
mechanical  inertia  terms  can  be  neglected  in  the 
stress  equations  of  motion,  thereby  reducing  them 
to  the  quasi-static  stress  equations  of  equili¬ 
brium,  Accordingly,  the  time-dependent  thermally 


induced  biasing  deformation  state  is  determined 
from  the  exact  equation  of  static  linear  thermo¬ 
elasticity  for  the  unelectroded  plate  and  from  the 
aforementioned  system  of  approximate  static  thermo¬ 
elastic  plate  equation^  for  the  electroded  plate. 
Here,  however,  the  approximate  equations  are  ex¬ 
tended  to  the  case  of  inhomogeneous  temperature 
distributions.  In  earlier  work6’9  on  thermal 
transients  in  unelectroded  plates,  static  equations 
other  than  the  stress  equations  of  equilibrium  and 
boundary  conditions  other  than  the  traction  free 
conditions  used  in  the  purely  static  case  were  em¬ 
ployed  and  we  do  not  understand  the  reason  for 
this.  Since  the  mechanical  inertia  is  negligible 
in  the  slowly  varying  transient  case,  the  static 
equations  and  boundary  conditions  hold  just  as  in 
the  homogeneous  time-independent  case. 

In  the  case  of  both  the  unelectroded  and 
electroded  plates  the  substitution  of  the  quasi¬ 
static  thermoelastic  three-dimensional  displacement 
field  into  the  above  mentioned  equation  for  the 
perturbation  of  the  eigenfrequency  along  with  the 
solution10  for  thickness-modes  in  doubly-rotated 
quartz  plates  and  the  first  temperature  derivatives 
of  the  fundamental  elastic  constants  of  quartz11 
enables  the  calculation  of  the  temperature  depend¬ 
ence  of  the  resonant  frequencies  of  doubly-rotated 
quartz  thickness-mode  resonators  due  to  the  time- 
dependent  thermally  induced  biasing  deformation. 

The  calculated  time-dependent  change  in  reson¬ 
ant  frequency  resulting  from  the  thermally  induced 
biasing  state  shows  that  in  a  thermally  uncompen¬ 
sated  cut  the  influence  of  the  electrodes  on  the 
change  in  frequency  is  small  and  the  frequency 
shift  increases  essentially  monotonically  from  one 
equilibrium  state  to  another.  On  the  other  hand, 
since  in  a  thermally  compensated  cut  the  change  in 
frequency  in  the  absence  of  the  electrodes  is 
essentially  negligible,  the  thermally  induced  bias¬ 
ing  deformation  state  resulting  from  the  presence 
of  the  electrodes  is  the  dominant  factor  causing 
the  frequency  change.  As  a  consequence,  the  calcu¬ 
lated  frequency  shift  increases  in  time  considerably 
beyond  the  new  equilibrium  resonant  frequency  be¬ 
fore  relaxing  to  that  final  equilibrium  frequency, 
in  conformity  with  existing  experimental  data6'7. 

The  existence  of  and  magnitude  of  this  increase 
beyond  the  final  equilibrium  value  depends  strongly 
on  the  rate  of  change  of  the  surface  temperature 
and  the  thermal  time  constant  of  the  quartz  plate. 
Results  are  presented  for  both  step  and  exponential 
temperature  changes.  The  calculations  also  show 
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(2.8) 


that  when  electrodes  are  not  present  the  time- 
dependent  resonant  frequency  changes  monotonically 
from  one  equilibrium  state  to  the  other,  even  for 
thermally  compensated  cuts. 

2.  Perturbation  Equations 

For  purely  elastic  nonlinearities  the  equation 
for  the  first  perturbation  of  the  eigenvalue  ob¬ 
tained  from  the  perturbation  analysis1  mentioned  in 
the  Introduction  may  be  written  in  the  form 

V'V2V  (2,1> 

where  oj,  and  u>  are  the  unperturbed  and  perturbed 
eigenfrequencies,  respectively,  and 


*®L  “  ®LMYVV,  M  "  eL»fP,  M  ’ 

*2y,l-pV  3J, L“°> 


where  V  is  the  undeformed  volume  of  the  piezoelec¬ 
tric  plate  at  the  reference  temperature  T}, .  In 
(2.2)  ^  denotes  the  normalized  mechanical  dis¬ 
placement  vector,  and  denotes  the  portion  of 
the  Piola-Kirchhoff  stress  tensor  resulting  from 
the  biasing  state  and  a  change  in  the  elastic  con¬ 
stants  the  presence  of  the  and  is 

given  by 


(CBYlfa  +  A§LVHy)^,M 


°  LVtfa  =  TLM6y  «+  3lsiVbT&EKB  +  2iLYKMWa,  K 

+  2lWy,K  > 


TLMa  jLMKt^KN  “  VIM(T  ”  V  * 

EKN  "  \  (W1C,H  +  *«,K)  •  (2'5) 

The  quantities  ^B  and  wK  denote  the  static 

biasing  stress,  strain  and  displacement  field,  re¬ 
spectively.  Thus,  in  this  description  the  present 
position  y  is  related  to  the  reference  position  X 
by 

y(X  ,t)  =  X  +  w(XT)  +u(X  ,t)  .  (2.6) 

i,  is  ~  ~  L  ~  L' 

The  coefficients  gLHKN  and  Juhoas  denote  the  second 
and  third  order  elastic  constants,  respectively, 
vLM  denotes  the  thermoelastic  coupling  coefficients 
and  T  denotes  the  present  temperature. 

The  normalized  eigensolution  ^  and  fH  is  de¬ 
fined  by 

"  if '  "  Sjf  *  f  "  |  pu?u?dv>  <2-7) 

where  dj  and  ^  are  the  mechanical  displacement  and 
electric  potential,  respectively,  which  satisfy  the 
equations  of  linear  piezoelectricity 


subject  to  the  appropriate  boundary  conditions,  and 
p  is  the  mass  density.  Equations  (2.8)  are  the 
linear  piezoelectric  constitutive  relations  and 
(2.9)  are  the  stress  equations  of  motion  and  charge 
equation  of  electrostatics,  respectively.  The  upper 
cycle  notation  for  many  dynamic  variables  and  the 
capital  Latin  and  lower  case  Greek  index  notation  is 
being  employed  for  consistency  with  Ref.l,  as  is  the 
remainder  of  the  ■.  notation  in  this  section.  The 
change  in  the  pertinent  piezoelectric  thickness 
constants  with  temperature  that  was  discussed  in 
the  work12  on  the  temperature  dependence  of  trapped 
energy  resonators  was  not  included  here  because 
they  are  not  known  for  doubly-rotated  orientations 
and  for  the  pure  thickness  vibrations  considered 
here  those  terms  only  introduce  a  constant  differ¬ 
ence  in  the  temperature  behavior  of  the  fully  elec- 
troded  and  unelectroded  plate  which  depends  on  the 
orientation  of  the  crystal. 

3.  Temperature  Induced  Biasing  State 

A  schematic  diagram  of  the  electroded  crystal 
plate  is  shown  in  Fig.l  along  with  the  associated 
coordinate  system.  It  has  been  shown3  that  referred 
to  this  coordinate  system  the  static  (here  quasi¬ 
static)  purely  extensional  thermoelastic  plate 
equations  for  the  plated  crystal  plate  may  be 
written  in  the  form 


where  A,  B,  C,  D  take  the  values  1  and  3  and  skip  2 
and  X*aV  81x3  are  t3la  zero  and  second  order 
plate  stress  resultants,  respectively,  for  the  elec¬ 
troded  crystal  plate.  For  inhomogeneous’ temperature 
states  and  identical  electrodes  on  the  upper  and 
lower  surfaces  the  extensional  constitutive  equa¬ 
tions  may  be  written  in  the  forn?’4 

C  •  2h(vABCD  4  ¥  +  2h3S  Ynco  + 

TT  Yiw>S’  '  2h(C  +  ¥  vm)  <*  '  V  ' 

yi2)  h3k  y'  >»)  +|  h5(Ya_  + 

AB  3  VABCD  h  ABCD/  CD  5  VABCD 

}£hLy>  V<2)_2  3/  (2)  6h/  &  2) 

h  YABCD/  CD  3  ”  v  AB +  h  AB/‘  V»  '  '  ' 

where  T  is  the  electrode  temperature,  pjj0)  and  pjj8  5 
are  defined  in  terms  of  integrals  over  the  inhomo¬ 
geneous  temperature  distribution  through  the 
thickness14 

vr-VR-V2°2l/C22>  (3*3) 

and  we  have  introduced  the  compressed  notation  for 
tensor  indices  according  to 

R,S«  1,3,5  >  W,V»  2,4,6,  (3.4) 


m  c  U  +  e  CD 

-  2LY2ta  <y,M  mly  ,  m  * 


YRS  “  CRS  "  CRW°WVCVS  . 
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The  Yrs  are  Voigts'  anisotropic  plate  elastic  con¬ 
stants  and  the  f)|  *  *  are  the  effective  anisotropic 
plate  thermoelastic  constants.  For  the  case  of  an¬ 
isotropic  extension  considered  here  the  three- 
dimensional  strains  EKt,  which  are  needed  in  the 
perturbation  equation,  are  related  to  the  plate 
strains  by 

EK X-5  <3-6) 

The  plate  strains  (n=0,2),  which  occur  in 
(3.2),  are  given  by 

C  -  j 

and  the  remaining  plate  strains,  which  are  needed 
in  (3.6)  as  well,  may  be  obtained  from14 

K2'  --V°VSES2’  <W|VV2’  •  'V0'1  «-  V'  (3.81 

In  Fig.l,  the  X2 -coordinate  axis  is  normal  to 
the  major  surfaces  of  the  plate  at  T=T0.  Since 
the  outside  edges  of  the  plate  are  traction  free, 
we  have 

NA*AB*  =  °  *  KA*AB>=0  on  outside  edges,  (3.9) 

where  NA  denotes  the  outwardly  directed  unit  normal 
to  the  edge  of  the  plate  at  T  =  T0 .  The  solution 
satisfying  (3.1)  and  (3.9)  takes  the  form 


.0, 


(3.10) 


This  solution  is  unique  to  within  static  homogene¬ 
ous  plate  rotations  of  zero  and  second  order.  Sub¬ 
stituting  from  (3,2)  into  (3,10),  we  obtain 

km "•Of 

“(eE0’t2r V  ■ 

-  W>4TT'S')ff-V-  ,3-n> 


noted  in  Sec. 3  of  Ref. 12,  the  solution  to  the 
static  approximate  plate  equations  is  unique  only 
to  within  homogeneous  infinitesimal  nth  order  plate 
rotations  cjc®5,  and  when  the  equations  of  equili¬ 
brium  for  the  plate  stress  resultants,  (3.1),  are 
satisfied  trivially,  as  is  the  case  here,  the  re¬ 
laxation  of  the  stress  resultants,  (3.10),  results 
in  homogeneous  plate  strains  and  plate  rota¬ 
tions  which  are  consistent  with  three- 

dimensional  strain  gradient  -  rotation  gradient 
relations14.  Accordingly,  as  in  Ref.  12,  we  may 
write 


L,  K  KL 


ES)+xi 


(3.12) 


which  provides  the  biasing  displacement  gradients 
wK|  k  as  a  known  time-dependent  linear  function  of 
(T-T0)  and  where  f£L  is  the  consistent14  rotation 
field.  Thus,  we  may  now  obtain  cLYHa  (2.4)  as 
a  known  linear  function  of  (T  -  T0 )  for  the  elec- 
troded  plate. 

The  foregoing  has  been  for  the  fully  elec- 
troded  plate.  In  the  case  of  the  unelectroded 
plate  the  situation  is  somewhat  simpler  and  since 
as  noted  in  the  Introduction,  the  mechanical 
inertia  can  be  neglected  in  the  stress  equations  of 
motion,  we  have  the  quasi-static  stress  equations 
of  equilibrium 

along  with  the  constitutive  equations  (2.5)2. 

Since  the  outside  edges  of  the  plate  are  traction 
free  along  with  the  major  surfaces,  we  have 


where  denotes  the  unit  normal  to  all  surfaces 
of  the  plate  at  T=T0,  From  (3,13)  and  (3.14)  we 
have 

4-°,  (3*15 

for  tue  unelectroded  plate.  Since  the  thermoelas¬ 
tic  coupling  constants  vHL  are  related  to  the  co¬ 
efficients  ffjK  by  the  usual  relation 

VML  =  CMUXa JK  ’  (3'16 

from  (2,5)2,  (3.15)  and  (3,16),  we  have 


Equations  (3.11)  constitute  six  inhomogeneous  linear 
equations  which  may  readily  be  solved  for  the  six 
plate  strains  e|0)  and  3 '«  When  and  R3* 
have  been  detdrmined  from  (3.11),  an<3  j£s) 

are  readily  determined  from  (3.8).  Then  the  three- 
dimensional  biasing  strain  can  be  obtained  from 
(3.6),  which  is  for  anisotropic  extension.  There 
is  no  flexure  because  the  resonator  has  identical 
electrodes  which  are  subject  to  the  same  tempera¬ 
ture  change  (T  -  T0 ) . 

It  is  well  known  that  in  static  linear  elas¬ 
ticity  the  solution  to  a  boundary  value  problem  is 
unique  only  to  within  a  static  homogeneous  (global) 
infinitesimal  rigid  rotation13.  Similarly,  as 


EJK=  aJK<T  ~  To)  * 


In  the  case  of  the  unelectroded  plate  the  time- 
dependent  inhomogeneous  strain  state  is  given  by 
(3,17)  and  we  note  that  when  the  quasi-static 
stress  equations  of  equilibrium,  (3,13),  are  satis¬ 
fied  trivially,  as  is  the  case  here,  the  vanishing 
of  the  stresses,  (3.15)  results  in  time-dependent 
inhomogeneous  strains  and  consistent14  rota¬ 
tions  Ofi,  Where 


4  a  \  (WII,K'WK,L)  ’ 
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which  with  (2.5)a  and  (3.17)  yields14 

wJ,K=aJK(T"To)  +nKJ’  (3.19) 

where  !\Xj  is  linear  in  (T  -  ) .  The  substitution 

of  (3.17),  (3.19)  and  (3.15)  in  (2.4)  yields  cLYHa 
as  a  known  linear  function  of  (T  -  T0 )  in  the 
unelectroded  region. 


4.  Temperature  Dependence 


The  temperature  behavior  of  the  plate  shown  in 
Fig.l  is  obtained  by  satisfying  the  uncoupled  one¬ 
dimensional  heat  conduction  equation 


k 


32T 
22  ^ 


(4.1) 


subject  to  appropriate  initial  and  boundary  condi¬ 
tions  at  X2=±h.  in  (4.1)  kgS  is  the  thermal 
conductivity  in  the  Xg -direction  and  C,  is  the 
specific  heat.  If  the  surfaces  are  subject  to  a 
step  rise  in  temperature  (T-  T0 ) ,  the  initial  and 
boundary  conditions  are 

T(x2,t)=To,  t-0,  (4.2) 

T*T,  atx2  =  ±h.  (4.3) 


The  solution  to  Eq. (4.1)  subject  to  conditions  (4.2) 
and  (4.3)  can  be  written  in  the  form16 


T(X2,t)  =T- 


4(T-Tq)  ® 


V  (-» 

L  (2n  +  1) 

n=0 

*326^ 


COS 


<*X22 


where 


*22  (2n  +  l)tT/2h 


(4.4) 

(4.5) 


If  the  surfaces  of  the  plate  are  subject  to  a  time 
varying  exj>onential  rise  in  surface  temperature 
from  TJj  to  T,  the  initial  and  boundary  conditions 
are 

T(X2,t)=TQ,  t»0,  (4.6) 

T»T(l-e'pt)  ,  at  X2«±h,  (4.7) 


and  we  note  that  the  magnitude  of  f)  determines  the 
sharpness  of  the  temperature  rise.  The  solution  to 
(4.1)  subject  to  conditions  (4.6)  and  (4.7)  can  be 
written  in  the  form16 

_  _  cosO/h,,)  X 

T(X  t)  «T-  (T-T  )e  - — t— 

°  COS(P/H22)1h 


(-1) 


-  (T  -  T  )  .  _ 

tt  ‘  V  Ln  (2n+ 1) 

n-0 


CD 

l 


n 


e  ><8S^*tcos  <^*2 
^"*22^ 


(4.8) 


provided  g  ^  x22£*.  Equations  (4.4)  or  (4.8)  can 
readily  be  used  iu  the  appropriate  equations  in 
Sec. 3  to  obtain  the  displacement  gradients  w„,  t  as 


a  known  function  of  Xg  and  t  and  the  given  tempera¬ 
ture  data. 


5.  Time  Dependent  Change  in  Resonant 
Frequency  with  Temperature 

The  solution  for  thickness-modes  in  arbitrarily 
anisotropic  piezoelectric  plates  with  shorted  elec¬ 
trodes  on  the  major  surfaces,  which  are  normal  to 
the  Xg -direction,  may  be  written  in  the  form10 
3 

„  _  V  „(n)a(n)  .  _  itut 

\  “  L  B  sinT)nX2e  » 

n*l 

»-l> 

where  3 

,5-21 

n-l  22 


and  the  are  the  normalized  eigenvectors  of  the 
linear  homogeneous  algebraic  system  for  the  eigen¬ 
values  of  of  the  piezoelectrically  stiffened 
elastic  constants,  which  is  given  by 


(c 


2yq>2 


.  e22ye22or 

C2yof2  "  c2ya2  e22 


(5.3) 

and  the  B^  are  given  by 
B (n)  *  -p™  e22aVC (n)  T)n  [cos  T|  nh  -  RT|nh  sin  T\h]  . 

^  *  (5.4) 

Substituting  from  (5.4)  into  (5.2),  we  obtain 

l[l  -  £  Ck (n) ) 2/1)nh  (cot  T\h  -  R\h)]  »  0  ,  (5.5) 

n=l 

where 

ft  ^  A  ft  A 

fk(n>  1 2  u  Y  22v  22a  It  „  2P'h'  (5  6) 

(k  )  =  ,  R  »  •  (5.6) 

c  e22 


The  condition  for  a  nontrivial  solution  of  the 
scalar  equrtion  (5.5)  is 
3 

£  (k(n) )  Vyi (cot  T^h  -  R^h)  -  1 ,  (5.7) 

n=l 


the  roots  of  which  determine  the  resonant  frequen¬ 
cies  of  thickness  vibration  of  piezoelectric  plates 
driven  by  the  application  of  a  voltage  across  the 
surface  electrodes.  From  this  unperturbed  thick¬ 
ness  eigensolution,  we  can  determine  the  normalized 
eigensolution  we  need  for  the  perturbation  formula¬ 
tion  in  Sec, 2  simply  by  writing 

g^-Uy/N,  f»q>/N,  (5.8) 

where,  from  (2. 7)3  and  (5,1),  we  find 
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tn  n 

v\  J* 


(5.9) 


Calculations  of  the  resonant  frequency,  called 
ujm  here,  for  the  particular  unperturbed  thickness- 
mode  of  interest  may  now  be  performed14  by  finding 
the  appropriate  root  ox,  of  (5.7),  with  (5. 3)j  and 
the  relations 


c(n)  =  pu,X' 


(5.16) 


The  change  in  the  frequency  of  thickness  vi¬ 
brations  with  time-dependent  temperature  changes  of 
any  electroded  quartz  plate  may  now  be  determined 
from  (2.1),  which  we  rewrite  here  for  any  one  mode 
in  the  form 


W2V  »  =  >  (5*10) 


where  for  the  case  of  thickness  vibrations,  we  have 


h 


From  (2.3)  for  the  thickness-mode  being  perturbed 
here,  we  have 


*2y  =  <c2y2a  +  A|2Y2a)  9a,  2  > 


(5.12) 


where  c2y2a  is  known  as  a  space  and  time -dependent 
linear  expression  in  (T  -  7^ )  from  the  analyses  in 
Secs. 3  and  4  and 


(dWdT)  (T-V* 


The  dc2Y2a/dT  are  obtained  from  the  temperature 
derivatives  of  the  fundamental  elastic  constants  of 
quartz  dc„tra/dT  i,  Cerred  to  the  principal  axes, 
which  have  now  be';.  ietermined11 ,  by  the  tensor 
transformation  re Ip ' ion 

<3  d  ~ 

dT  22Y  2a  =  a2DaYEa2FaaG  dT  °DEFG  *  < 5 • 14  > 


where  the  aYt  are  the  matrix  of  direction  cosines 
for  the  transformation  from  the  principal  axes  to 
the  coordinate  system  containing  the  axis  normal  to 
the  plane  of  the  plate.  When  the  conventional  IEEE 
notation18  for  doubly-rotated  plates  is  written  in 
the  form  (Y,X,w,jJ)q>,0  where  +  =  0,  the  rotation 
angles  cp  and  8  are  the  first  two  Euler  angles,  from 
which  the  aY£  for  any  doubly-rotated  plate  can  be 
determined  in  the  usual  manner14 .  Clearly,  the 
transformation  relations  for  the  second  and  third 
order  elastic,  piezoelectric  and  dielectric  con¬ 
stants,  and  coefficients  of  linear  expansion  may  be 
written  in  the  respective  forms 

SkXMN=  aKDai£aMFaNG2DEFG  ’ 
flOMNAB  =  aKDatEaMFaNGaAHaBl3DEFGHI  ’ 

A* 

e  =  &  a  a  e 
KLM  KDLEMFDEF 

€KL=aKMaLNeMN'  aKL *  aKMaU^MN  ’  (5,15) 

where  the  tensor  quantities  with  the  upper  cycle 
are  referred  to  the  principal  axes  of  the  crystal. 


Then  the  perturbation  integral  Hy  can  be  evaluated 
by  employing  (5.12)  and  (5. 8)x  in  (5.11)  and  per¬ 
forming  the  integrations14 .  Such  calculations  have 
been  performed  using  the  known  values  of  the  second 
order  elastic,  piezoelectric  and  dielectric  con¬ 
stants  of  quartz1 7 ,  the  third  order  elastic18  and 
thermoelastic19  constants  of  quartz  and  the  recently 
obtained11  temperature  derivatives  of  the  funda¬ 
mental  elastic  constants  of  quartz.  Specific  calc¬ 
ulations  have  been  made  for  a  number  of  singly  and 
doubly-rotated  quartz  plates  1.7  mm  thick.  Typical 
results  of  some  of  the  calculations  are  presented 
in  Figs. 2  -  10,  each  of  which  shows  the  relative 
change  in  frequency  with  time  for  the  fundamental 
and  third  and  fifth  harmonics  of  the  C-mode  for 
different  orientations  of  the  quartz  plate  and 
surface  and  temperature  conditions.  Figures  2-4 
are  for  the  thermally  compensated  AT-cut  quartz 
plate.  Figure  2  is  for  the  unelectroded  resonator 
subject  to  a  step  rise  in  surface  temperature.  It 
can  be  seen  from  the  figure  that  the  frequency 
changes  monotonically  in  time  and  reaches  the  new 
equilibrium  value  in  about  one-half  second. 

Figure  3  is  for  a  resonator  with  2000  i  thick  gold 
electrodes  on  the  surfaces,  which  are  subject  to  a 
step  rise  in  temperature.  Hie  figure  shows  that  the 
change  in  frequency  overshoots  the  final  equilibrium 
value  considerably  before  relaxing  to  that  value  in 
a  very  short  time.  Figure  4  is  for  the  same  ' lec- 
trodes  as  Fig. 3,  but  the  surfaces  are  subject  to 
the  exponential  change  in  temperature  discussed  in 
Sec. 4  for  a  rise  time  (1/P)  of  1/10  of  a  second. 
Again  the  figure  shows,  even  more  clearly  this 
time,  that  the  change  in  frequency  overshoots  the 
final  equilibrium  value  considerably  before  relax¬ 
ing  to  that  value  in  a'  very  short  time.  Figures  5-7 
are  for  the  thermally  compensated  BT-cut  quartz 
plate.  Figures  5-7  for  the  BT-cut  are  respectively 
similar  to  Figs.2-4  for  the  AT-cut  and  reveal  the 
same  type  of  behavior  in  each  instance.  Figures  8-10 
are  for  the  thermally  uncompensated  LC-cut  quartz 
plate  which  in  fact  is  used  as  a  thermometer  be¬ 
cause  its  resonant  frequency  is  linearly  sensitive  to 
temperature.  Figure  8  is  for  the  unelectroded 
resonator  subject  to  a  step  rise  in  temperature 
and,  as  before,  the  frequency  changes  monotonically 
to  the  final  equilibrium  value.  Figure  9  is  for 
an  electroded  resonator  subject  to  a  step  rise  in 
surface  temperature  and  shows  that  the  frequency 
changes  monotonically  in  time  to  the  final  equili¬ 
brium  value  in  essentially  the  same  way  as  in  the 
unelectroded  case  shown  in  Fig. 8.  Clearly,  this 
behavior  of  the  thermally  uncompensated  cut  is  in 
contradistinction  to  the  behavior  of  the  electroded 
compensated  cuts  shown  in  Figs. 3  and  6,  in  which 
the  frequency  shifts  considerably  beyond  the  final 
equilibrium  value  before  relaxing  to  that  value. 
Figure  10  is  for  an  electroded  resonator  subject 
to  an  exponential  change  in  su  face  temperature 
with  a  rise  time  of  300  sec  and  shows,  of  course, 
that  the  frequency  changes  monotonically  to  the 
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final  equilibrium  value  in  a  considerably  longer 
time  than  in  the  case  of  the  step  rise.  It  should 
be  noted  that  in  the  case  of  the  thermally  uncom¬ 
pensated  cuts,  in  Which  the  change  in  frequency 
overshoots  the  final  equilibrium  value  for  the  case 
of  the  step  rise  and  exponential  rise  in  surface 
temperature  for  short  rise  times,  the  overshoot  is 
nonexistent  for  long  rise  times.  Finally,  Figs. Il¬ 
ls  are  for  the  thermally  compensated  SC-cut  quartz 
plate.  Figures  11  and  12  for  the  SC-cut  are  re¬ 
spectively  similar  to  Figs. 2  and  3  for  the  AT-cut 
and  5  and  6  for  the  BT-cut  and  clearly  reveal  the 
same  type  of  behavior  in  each  instance.  On  the 
other  hand  Fig. 13,  which  is  for  an  electroded 
resonator  subject  to  an  exponential  change  in  sur¬ 
face  temperature  with  a  large  rise  time  of  300  sec, 
does  not  exhibit  the  overshoot  and  instead  exhibits 
monotonic  behavior  to  the  final  equilibrium  fre¬ 
quency  similar  to  that  of  Fig. 11  for  the  unelec- 
troded  plate  subject  to  a  step  rise  in  temperature, 
but  in  a  considerably  longer  time  because  of  the 
large  rise  time.  This  is  in  accordance  with  the 
above-mentioned  behavior  of  electroded  thermally 
compensated  cuts  for  long  exponential  rise  times. 
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Figure  1.  Schematic  diagram  of  the  electroded  crys¬ 
tal  plate  along  with  the  associated  coor¬ 
dinate  system. 
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figure  2 
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Time-dependent  Frequency  Shift  per  °K  for  Wnelectroded 
Quartz  Resonator  Subject  to  a  Step  Rise  in  Surface 
Temperature.  Quartz  plates  are  1.7  mm  thick  for  all  figures. 


figure  3 


line-dependent  Frequency  Shift  per  °K  for  Quartz  Resonator 
rith  2000  A  Thick  Gold  Electrodes  Subject  to  a  Step  Rise  in 
>urface  Temperature 
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Time-dependent  Frequency  Shift  per  °X  for  Quartz  Resonator 
with  2000  k  Thick  Gold  Electrodes  Subject  to  a  Step  Rise  in 
Surface  Temperature 
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Time-dependent  Frequency  Shift  per  °K  for  Quartz  Resonator 
with  2000  k  Thick  Gold  Electrodes  Subject  to  a  Surface 

Temperature  T(1  -  e"^fc)  for  p  «  10,0  sec"1 
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Time-dependent  Frequency  Shift  per  °K  for  Unelectroded 
Quartz  Resonator  Subject  to  a  Step  Rise  in  Surface 
Temperature 
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Time-dependent  Frequency  Shift  per  °K  for  Quartz  Resonator 
with  2000  A  Thick  Gold  Electrodes  Subject  to  a  Step  Rise  in 
Surface  Temperature 
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Time-dependent  Frequency  Shift  per  °K  for  Quartz  Re Bona tor 
with  2000  A  Thick  Gold  Electrodes  Subject  to  a  Step  Rise  in 
Surface  Temperature 
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Time-dependent  Frequency  Shift  per  °K  for  Quartz  Resonator 
with  2000  A  Thick  Gold  Electrodes  Subject  to  a  Surface 
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Temperature  T(1  -  e  p  >  for  g  ■  1/300  sec 
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NONLINEAR  EFFECT  OF  INITIAL  STRESSES  IN  DOUBLY-ROTATED 
CRYSTAL  RESONATOR  PLATES 


P.  C.  Y.  Lee  and  Kuang-MIng  Wu* 


Department  of  Civil  Engineering 
Princeton  University 
Prlncetoh,  NJ  08544 


Summary 

The  changes  In  the  resonance  frequencies  of 
circular,  quartz  plates  of  doubly-rotated  cuts  are 
Investigated  when  the  plates  are  subject  to  in¬ 
plane  Initial  stresses.  Two  types  of  Initial 
stresses  are  considered:  (a)  The  plate  Is  subject 
to  a  pair  of  static  diametral  forces,  and  (b)  The 
plate  is  supported  by  a  number  of  ribbon  supports 
attached  to  the  edge  of  the  plate  and  subject  to 
steady  acceleration. 

The  governing  equations  of  motion  for  plates 
under  Initial  stresses  derived  previously'  are 
solved  by  the  perturbation  method.  In  these  equa¬ 
tions,  the  spatial  variation  of  Initial  stress  and 
strain  fields  and  the  nonlinear  effect  due  to  the 
presence  of  the  third-order  elastic  stiffnesses  In 
the  stress-strain  relations  are  taken  Into  account. 
The  present  result  Is  an  extension  of  our  previous 
investigations’’2  in  two  aspects:  (1)  The  stress- 
strain  relations  for  crystals  when  referred  to  the 
plate  axes  are  of  trlcllnlc  symmetry,  hence  the 
result  can  be  applied  to  plates  of  any  cut-orienta¬ 
tion,  and  (2)  The  coupled  equations  of  motion  for 
plate  vibrations  have  been  extended  to  include  the 
extensional  mode  in  addition  to  the  thickness-shear 
and  flexural  modes. 

In  the  case  of  plates  subject  to  diametral 
forces,  the  changes  of  resonance  frequencies  (repre¬ 
sented  by  the  force  sensitivity  coefficient  Kf)  are 
predicted  as  a  function  of  the  force  orientation  for 
various  cut  orientations  such  as  AT,(yxw£)10®/33.9°» 
FC,  IT,  SC,  and  rotated  X-cut.  The  predicted  re¬ 
sults  are  compared  to  the  experimental  values  of 
Ballato,3  Ballato  and  Lukaszek,**  and  the  calculated 
values  of  EerNlse1*  by  the  variational  method. 

In  the  case  of  plates  subject  to  acceleration, 
a  special  three-point  mount  configuration  of  which 
two  supports  are  180°  apart  and  the  third  Is  90® 
from  the  first  two  in  forming  a  "T"  shape  is  chosen 
for  the  study.  The  changes  of  resonance  frequen¬ 
cies  (represented  by  the  acceleration  sensitivity 
coefficient  Ka)  are  predicted  as  a  function  of  the 
direction  of  acceleration  for  an  SC-cut  plate  and 
for  a  given  orientation  of  the  "T"  shaped  three- 
point  mount.  By  examining  the  predicted  values 
of  lKalmax  (proportional  to  the  "2g"  tip  over  re¬ 
sults)  as  function  of  a  the  orientation  of  the 


of  the  "T"  shaped  mount,  tt  Is  found  that  the  mini¬ 
mum  acceleration-sensitivity  occurs  at  orientation 
angles  a  »  -15*  and  a  *  +75®,  while  the  maximum 
acceleration-sensitivity  occurs  at  a  -  +15®  and 
a  *  -75®.  The  predicted  value  a  «  -15®  for  SC-cut 
has  been  observed  experimentally  by  A.  Warner. 

Equations  of  Motion  for  Crystal  Plates 
U nder  Inltia  1-  Stresses 


The  stress  equations  of  motion  for  plates  under 
In-ptane  initial  stresses  are  reduced  to: 
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In  the  above  equations,  thickness-shear,  flexural, 
and  extensional  modes  are  included.  The  thickness- 
twist,  thickness-stretch,  and  face-shear  modes  are 
neglected,  since  their  amplitudes  of  vibration  are 
very  small  In  the  vicinity  of  the  thickness-shear 
cut-off  frequencies  as  compared  to  those  of  the 
former  three  modes. 5 
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Also,  from  Ref.  1  we  have  the  incremental 
stress-strain  relations 

'50)  •  a(cP,  * 

-  t  b3(Cpp,  +  W 

and  the  Incremental  strain-displacement  relations 
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For  free  harmonic  vibrations,  we  may  let: 
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By  substituting  (4)  into  (3)  and  (2),  and  then 
the  resulting  relations  Into  (1),  we  obtain  the  dis¬ 
placement  equations  of  motion  for  the  Increment 
vibrations 

V.ll  +  V,1  +  V  +  V,ll  +  V,1  + 

V.ll  +  V,1  “  ~U2? 

Fir,ll  +  F2r,l  +  F3F+  V.ll  +  F5v,1  +  (5) 

F6U,1 1  +  F7u,1  “  'ft2y 

V,ll  +  V,1  +V  +  I4v,11  +  V,1  + 

!6u,11  +  E7U,1  “  ^ 

where  Tj,  F|,  and  Eg  (1  -  1,2, ...7)  are  coef¬ 
ficients  which  depend  on  material  properties  as 
well  as  on  the  initial  stress  field.  For  Instance, 
we  have 
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where 

*  c  +  c 

E(o) 

(7) 

pq  pq  pqr  r 

Each  of  these  coefficients  can  be  separated  into 

two  parts:2 

T,  -T|  +t, 

Fl  -  Fi  +  f. 

(8) 

E1  ’E|  +e| 

where  Tj# 

F j ,  and  Eg  are  associated  with  vibra- 

tional  motion  without  Initial  stresses  and  are  de¬ 
pendent  on  material  properties  only,  while  t|,  f j , 
and  eg  are  contributed  by  initial  fields  and  are 
space-dependent. 

By  setting  the  Initial  fields  equal  to  zero  in 
(6) ,  we  obtain 


T,  - 


1  ,..2,  vl  1 


3k  C 


T,  - 


66 


K1K6C61 


7  kC 


66 


F*  -  E„  -  E 


T3  "  T5  -  & 


F2  ■  F4  ■  f 


(9) 


bC 


61 


bC 


6  &2  ‘4  3kC 


- 


11 


66 


6  3k2C 


66 


V  V  V  Fl*  V  V  F7”  V  E3 *  V 

E7-° 


Solution  By  Perturbation  Method 
Equation  (5)  can  be  expressed  In  the  matrix 

LV  ■  XV  (10) 


form 


2  T 
where  X  ■  -fl  is  the  eigenvalue,  V  ■  {Tvu}  is 

the  displacement  vector,  and  L  is  the  linear  dif¬ 
ferential  operator  which  can  be  separated  into  two 
parts  as  follows: 


L  -  L0  +  0 


where 
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Note  that  Lg  is  the  part  of  the  operator  as¬ 
sociated  with  motions  without  the  influence  of 
initial  stresses,  while  Q  is  the  part  of  the 
operator  that  includes  all  the  effects  of  initial 
fields.  From  the  initial  stress  and  strain  fields 
obtained  previously,'*2  cat  cut  at  ions  show  that  the 
values  of  t;,  f j ,  and  e[  are  of  several  orders 
of  magnitude  smaller  than  those  of  Tj,  Fj,  and 
E(.  Hence  it  is  appropriate  to  employ  the  perturba¬ 
tion  method  to  obtain  the  changes  in  frequencies  due 
to  initial  fields. 


r-E  "T  f  Vn  ‘  ('9) 

f0  2A°  Ja  n  n 

n 

In  (19)  we  see  that  <1  defined  in  (12)  con¬ 
tains  all  the  effect  from  the  initial  stresses  and 
V°  and  A°  are  governed  by  (15)  which  are  the 
equations  of  free  vibrations  of  the  crystal  plates 
without  the  influence  of  initial  stresses. 

Thickness-shear,  Flexural  and  Extenslonal 
Vibrations  of  Doubly  Rotated  Quartz  Plates 

In  the  present  section,  we  shall  solve  Equa¬ 
tions  (15)  with  traction-free  boundary  conditions. 
Equations  (15)  in  matrix  form  can  be  obtained  from 
(5)  by  replacing  Tj ,  Fj,  and  Ej  by  T j ,  F|, 

and  Ej,  respectively,  and  by  making  use  of  (9) 
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By  assuming  the  vibrational  form  of  solutions 


Let  Vn  and  An  be  the  eigenvector  and  eigen¬ 
value  satisfying  Eq.  (10),  therefore 
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Note  that  A  j,  \  a,™  are  the  first-order  pertur¬ 

bations  and  are  of  the  same  order  of  Q.  If  we  sub¬ 
stitute  Eq.  (Ik)  into  Eq.  (13)  and  collect  the  terms 
of  the  same  order,  we  have 
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Multiplying  (16)  by  V®  and  employing  the  property 
that  the  form  a  complete  and  orthogonal  set,  we 
obtain, 
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After  the  normalization  V®  •  V®  ■*  1,  we  have 
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It  can  be  shown  that  tha  changes  of  resonance 
frequencies  can  be  obtained  by2 
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and  substituting  (21)  into  (20),  we  obtain  the  dis¬ 
persion  relation 
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and  the  amplitude  ratios 


where 


2q 


Alq  :  A2q  :  A3q  "  1  !  %  *  % 


|  c,,  -|2c., 

q  1 6  q  16 
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In  (22),  the  correction  factors  sre 


introduced  as  follows 


‘(P) 


1  If  P  -  3,5 

K  «  TT//T2  If  p  »  2,4 


'I 


If  p  -  1 
If  p  «  6 


(24) 


K]  Is  Introduced  for  the  adjustment  of  the 
slope  of  the  extension.-)!  branch  (E|)  and  Kg  for 
the  correction  of  the  thickness-shear  cut-off  fre¬ 
quency  as  compared  to  the  dispersion  relations  of 
the  six  coupled  modes  of  vibrations. 5  The  values 
of  Kj  and  Kg  for  various  cuts  of  quartz  plates 
are  listed  below. 


Doubly  rotated  quartz  plates 
(yxw«.) 4>/6 ,  6-33.9° 

K1 

*6 

AT-cut,  <f>  -  0° 

1.0 

1.0 

4i  «  10° 

1.0116 

0.9818 

FC-cut,  6-15° 

1.0214 

0.963 

IT-cut,  6  -  19.1° 

1 .0252 

0.9492 

SC-cut,  <J>  »  21.9° 

1.0252 

0.9397 

Rotated-X-cut,  $  *  30° 

1.0146 

0.918 

Dispersion  curves  computed  from  (22)  for  an 
SC-cut  plate  are  shown  in  Fig.  1  by  the  solid  lines 
as  compared  with  those  In  dashed  lines  of  the  six 
coupled  equations  of  motion. 5 

For  the  resonance  frequencies  and  the  Incre¬ 
mental  displacement  field,  we  should  look  for  a  two- 
dimensional  solution  satisfying  both  the  governing 
equations  of  motion  and  the  traction-free  conditions 
of  a  circular  crystal  plate.  An  analytical  solution 
for  such  a  problem  is  extremely  complicated  and  dif¬ 
ficult  to  obtain,  if  not  impossible.  However,  we 
note  that  at  the  thickness-shear  resonance  frequen¬ 
cies  the  vibrational  motion  is  trapped  mostly  in  the 
middle  portion  of  a  plate  which  is  either  contoured 
or  plated  with  electrodes  in  the  middle  portion  of 
the  plate. °>7  Also,  the  thickness-shear  resonance 
frequencies  are  insensitive  to  the  width  of  a  rec¬ 
tangular  plate  as  shown  by  Sykes®  end  one-dimension¬ 
al  solutions®''0  give  very  accurate. predictions  when 
they  are  compared  with  experimental  data.  Therefore, 
in  this  section  of  the  paper,  the  circular  plate  is 
approximated  by  a  square  plate  of  equivalent  area 
and  the  one-dimensional  solution  will  be  obtained 
to  predict  the  resonance  frequencies  and  displace¬ 
ment  field. 


For  a  square  plate  with  the  length  of  the  sides 
2a(=»v*nR),  the  traction-free  conditions  at  the  edges 
Xj  »  ±a  are 


-  0 


at  Xj  -  ±a 


(25) 


where  R  is  the  radius  of  the  circular  plate. 


From  (2),  the  one-dlmenslonal  stress-displace¬ 
ment  relations  become 

t[0)  -  2bK1[K,Cnf[°j  +  KKgC^U^  +  u}»)] 

t60>  ”  2bKlK6hC6.u!!!  +  Ktc6C66(uS?l  +  ul0))] 

(1) 


JO  »  2  .  3r  „ 

*1  3  b  Cll  1,1 


(26) 


Substitution  of  (21)  Into  (26)  and  (25)  leads 
to  the  homogeneous  equations 


(Mpq]{A,q)  -  °  p,q  -  1,2,3 


(27) 


where 


Mlq  “  Kl[,C|CllVq  +  KK6Cl6(a2q?q  +  ^l005 
£_  +  KK£C^(cc2q5q  +  1)] 


M2q  “  KK6 


[KlC61a3q5q  T  f',v6''66' 


cos  £  a 

q 


3q 


c,,£q  sin  £qa 


For  nontrivial  solutions  of  (27),  we  have 


detM  -  0 

pq 


(28) 


(29) 


which  is  the  frequency  equation  for  thickness-shear, 
flexural,  and  extensional  vibrations. 


The  calculation  of  the  resonance  frequencies 
of  an  SC-cut  plate  are  performed  and  Illustrated  :n 
Fig.  2.  By  comparing  Fig.  2  with  Figs.  3  and  4, 
which  are  the  corresponding  frequency  spectra  calcu¬ 
lated  from  the  six-mode  theory,®  we  see  that  the 
three-mode  theory  gives  very  good  predictions  of  the 
frequencies  of  thickness-shear,  flexure,  and  exten¬ 
sion. 


From  (27),  we  can  also  calculate  the  amplitude 
ratios 


A,1  :  AJ2  :  AJ3  -  1  :  62  :  B3 


(30) 


if  we  choose  A) ]  as  the  reference.  The  displacement 
field  can  be  written  in  terms  of  apq  and  Bq 

,  3 

|  6i  "s  Vi 


#ll  {  j,  8,°2q  S,“  Vi 


(30 


l  ®qa3q  Sin  SnX 

q-1  M  ^ 
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The  remaining  constant  Aj ]  may  be  determined  by 
normal Izations 


V 


0 

n 


f  1 

r 

(r  v  u} 

V 

'A  | 

u 

dA  =  I 


Changes  In  the  Resonance  Frequencies 

Once  the  resonance  frequencies  (or  xj?)  and 
displacement  field  V®  are  obtained  from  (29)  and 
(31),  then  the  frequency  changes  Af/fQ  can  be 
obtained  by  carrying  out  numerical  integration  over 
the  electroded  area  A  of  the  plate  for  various 
In-plane  initial  stress  fields. 1*2 


Plates  Subject  to  a  Pair  of  Diametral  Forces 

Following  Ratajski's^  definition  of  force 
sensitivity  coefficient,  v/e  have 


K  „  Af  ,  1  .  _d Af  bd  /  p 

f  fQ  N  fQ/m  =  f0  N  /  C66 


(32) 


where  N  is  the  magnitude  of  applied  diametral 
forces  and  m  is  the  order  of  harmonic  overtones 
of  the  thickness-shear  frequency. 


Computations  of  Kf  as  a  function  of  t|>,  the 
orientation  of  the  diametral  forces,  are  made  for 
circular  quartz  plates  of  AT-cut  (yxJ,)33.9°, 
(yxw2)10°/33.9°,  FC-cut  (yxw*)15°/33.9°,  IT-cut 
(yxw£)  19°/33.9°,  SC-cut  (yxw*,)22°/33.9°,  and  Rotated- 
X-cut  (yxw2)30°/33.9".  The  results  are  shown  in 
Figs.  5  to  10,  respectively,  and  are  compared  with 
the  experimental  results  of  Ballato,3  Ballato  and 
Lukaszek,1*  and  the  calculated  result  of  Eernlse.^ 
Analytical  calculations  of  the  same  problem  had 
been  made  also  by  Janiand,  Nlssim,  and  GagnepalnJ2 
The  results  of  Refs.  4  and  12  both  show  the  improve¬ 
ment  of  predicted  frequencies  by  employing  the 
initial  stress  field  of  anisotropic  plate  subject 
to  a  pair  of  diametral  forces. 


Plates  Subject  to  Steady  Accelerations 


We  define  the  acceleration  sensitivity  coef¬ 
ficient 


K 


a 


Af  .  1  .  d  _  Af  8/Tf 

f0  F  f0/m  f0  ngd/pC^- 


(33) 


o 

where  F  =  ngp*(7ibd  /2)  is  the  magnitude  of  body 
force  on  the  plate  and  ng  the  acceleration  on  the 
plate,  in  terms  of  the  acceleration  from  gravity. 


A  circular,  SC-cut  (yxw£) 23. 75°, 33. 9°)  quartz 
plate  with  a  three-point  mount  was  chosen  for  the 
acceleration  sensitivity  study.  The  support  con¬ 
figuration  is  shown  in  the  upper  part  of  Fig.  11. 
The  angle  a  denotes  the  orientation  of  the  "T"- 
shaped  support  configuration,  while  the  angle  ^ 
Indicates  the  orientation  of  the  body  force  due  to 
the  acceleration. 


in  Fig.  11,  Kf  is  computed  and  plotted  as  a 
function  of  i|i,  for  a  =  0°,-15°,-30°,  and  -45°. 


We  see  that  both  the  magnitude  and  location  of 
lKalmax  change  as  the  support  orlentatton  a 
changes.  By  repeating  the  above  process  of  calcu¬ 
lation,  we  obtain  | Ka | max  as  a  function  of  a  as 
shown  by  the  solid  lines  in  Fig,.  12.  We  see  that 
the  minimum  acceleration-sensitivity  occurs  at 
a  ■  -15°  and  +75°,  while  the  maximum  acceleration- 
sensitivity  occurs  at  a  -  +15“  and  -75°. 


The  minimum  acceleration-sensitivity  angle 
a  ■  -15°  for  the  "T"~shaped  mount  has  been  observed 
by  A.  Warner. 13  The  result  shown  In  Fig.  12  Is 
also  consistent  qualitatively  with  the  experimental 
data  by  Kusters,  Adams  and  Yoshida,'1*  for  their 
result  (Fig.  2  of  Ref.  14)  is  for  a  two-point  mount 
configuration.  It  should  be  noted  that  the  conven¬ 
tion  for  the  mounting  angles  in  Ref.  14  Is  the 
opposite  of  that  employed  in  the  present  paper. 

The  1949  IRe'^  Standards  are  employed  in  the 
present  paper.  If  one  wants  to  carry  out  computa¬ 
tions  using  the  1978  IEEE'°  Standards,  one  must 
change  the  signs  of  the  piezoelectric  constants 
ej ]  and  ejj,  accordingly. '“>17  One  also  needs  to 
change  the  signs  of  the  second-  and  third-order 
elastic  constants,  which  are  suggested  in  the 
following  table. 


SIGN  CHANGES  OF  THE  MATERIAL  CONSTANTS 
FOR  QUARTZ 


1949  IRE  STD  1978  IEEE  STD 


el  1  “ 

(l/r)  (+/-J 

(L/R)(-/+),6.>7 

e14  “ 

(L/R)  (-/+) 

(L/R)  (-/+)’ 6« 17 

c14  “ 

(-) 

(+) 

C114  “ 

(-) 

(+) 

c124  “ 

(-) 

(+) 

C1 34  " 

(+) 

(-) 

c144  “ 

(-) 

(+) 

Let  X,  Y, 

and  Z  be 

the  axes  of  quartz 

crystals  according  to  the  1949  IRE  Standards  and 
X1,  Y‘,  and  V  be  the  axes  of  quartz  crystals 

according  to  the  1978  IEEE  Standards.  All  the 
sign  changes  given  in  the  above  table  can  be  obtain¬ 
ed  by  a  rotation  of  180°  about  the  Z  axis,  i.e., 
by  a  coordinate  transformation  as  follows: 


X  +  -X1 

Y  +  -Y1  (33) 

Z  +  Z1 

The  lKflmax  vs.  a  relation  according  to  the 
1978  IEEE  Standards  is  computed  and  shown  in  Fig. 

12  in  dashed  lines  for  comparison. 
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Abstract 

A  solution  of  the  equation  of  Tiersten 
for  a  rotated  Y  cut  crystal  with  a  partial  cy¬ 
lindrical  contour,  operating  in  the  thickness 
shear  mode  is  found.  The  solution  gives  good 
agreement  with  the  results  of  finite  element 
calculations.  An  effective  width  beff  is  Intro¬ 
duced,  which  is  used  to  scale  the  problem, 
beff  the  width  of  the  active  area  of  the 
crystal  for  the  convex  contour.  With  a  diffe¬ 
rent  scaling  factor,  adapted  to  the  problem  of 
a  partial  spherical  contour,  a  solution  for  the 
frequency  for  this  case  is  found,  which  agrees 
with  experiments.  The  maximum  motional  capa¬ 
citance  for  large  electrodes  is  calculated  with 
the  finite  element  method  and  it  in  found,  to 
have  a  simple  relationship  to  the  width  of  the 
uncontoured  part  divided  by  beff.  A  method  is 
given,  to  calculate  the  motional  capacitance 
for  intermediate  values  of  the  electrode  area. 

Introduction 

The  development  of  quartz  crystals  has  a 
long  history.  However,  the  effect  of  concen¬ 
tration  of  the  motion  to  the  centre  by  contou¬ 
ring,  which  has  been  the  practice  for  thickness 
shear  resonators,  has  been  poorly  understood. 
Shockley  explained  for  the  first  time  the  con¬ 
centrating  effect  of  the  electrode  in  1963. 

Until  now,  a  comparable  theory  for  a  contoured 
crystal  has  not  been  given.  This  paper  attempts 
a  theoretical  understanding  of  partial  and  full 
contouring  and  its  consequences,  such  as  a 
limitation  of  the  motional  capacitance  and  a 
change  of  the  frequency. 

Recently  H. Tiersten1)  has  proposed  a 
simplified  equation  of  the  motion  of  a  rotated 
Y  cut  quartz  crystal,  with  a  contoured  shape, 
operating  in  the  thickness  shear  mode.  In  his 
analysis,  the  change  in  the  thickness,  which 
results  from  the  contouring,  is  small,  compared 
to  the  thickness  of  the  crystal.  Since  the  mode 
is  highly  trapped  to  the  center  of  the  crystal, 
the  edge  can  be  ignored,  which  simplifies  the 
analysis.  The  equation  of  Tiersten  is  the  result 
of  a  first  order  expansion  of  the  decay  number 
in  the  x  and  the  z  direction,  which  is  assumed 
to  be  small,  compared  to  the  wavenumber  in  the 


thickness  direction.  For  a  contoured  crystal  the 
decay  number  increases,  which  makes  the  expansion 
less  accurate.  In  view  of  this  we  have  examined 
the  accuracy  of  the  equation  of  Tiersten  in  pre¬ 
dicting  the  frequency  of  both  full  and  partial 
contoured  crystals.  For  this  purpose  we  have 
applied  the  finite  element  method  to  this  problem 
neglecting  the  z  dependence.  For  those,  inte¬ 
rested  in  the  method,  we  refer  to  an  earlier 
article  2) , 

The  equation  of  Tiersten  is  solved  for  thr 
partial  contour  after  the  parameters  have  been 
scaled  in  a  proper  way.  This  results  in  a  fre¬ 
quency  equation  with  a  reduced  number  of  para¬ 
meters.  The  results  of  the  finite  element  cal¬ 
culation  are  scaled  also  and  compared  with  the 
solution  of  the  frequency  equation.  The  above 
method  of  scaling  will  also  be  used  for  the 
calculation  of  the  motional  capacitance  and. 
gives  a  simple  quantitative  description  of  the 
problem. 

The  Contour 

The  contouring  of  the  crystal  results  in  a 
slowly  decreasing  thickness  in  x  and  z  direction 
as  shown  in  figure  1.  We  will  make  a  distinction 
between  two  types  of  contouring  :  1)  the  cylin¬ 
drical  contour  gives  a  decreasing  thickness  in 
only  one  direction  and  the  thickness  remains 
constant  in  the  other  direction,  2)  the  spherical 
contour  has  a  thickness,  decreasing  uniformly  In 
all  directions  between  the  x  and  z  direction.  As 
can  be  seen  in  figure  1,  for  b*c*0,  we  have  a 
convex  contour,  which  can  be  applied,  either  on 
one  face  of  the  crystal  or  on  both  faces.  If  the 
contouring  is  partial,  b  is  the  width  of  the 
central  uncontoured  part  of  the  crystal,  which 
we  will  call  the  facet.  Further  parameters  of 
the  contouring  are,  the  radius  R  of  the  contour, 
the  eccentricity  c  of  the  circle  describing  the 
contour  (see  figure  1) .  The  distance  c  can  be 
either  positive  or  negative.  For  positive  values 
c  can  be  no  greater  than  the  width  of  the  facet. 
For  a  slow  decrease  of  the  thickness  and  large  R, 
we  have  to  a  first  order  approximation  : 

(1)  d(x)/dQ  =  1  +  ((b/2  c)2  -  (x-c)2)/(2Rd0) 
with  d(x)  the  thickness  of  the  crystal  as  a 
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function  of  the  distance  x  from  the  centre  of 
the  crystal. 


PARTLY  CONTOURED  CRYSTAL  SHOWN  IN  CROSS  SECTION 


The  frequency 


The  cylindrical  contour 


The  equation  of  Tiersten  ^  results  from 
a  first  order  approximation  of  the  dispersion 
relation  of  the  thickness  shear  mode,  assuming 
that  the  wave  numbeisin  x  and  z  direction  are 
small,  compared  to  the  wavenumber  in  thickness 
direction.  In  the  following  analysis  we  will  use 
this  equation  with  the  derivative  of  the  motion 
with  respect  to  z  put  to  zero.  We  will  thus  con¬ 
sider  only  the  problem  of  the  cylindrical  con¬ 
tour  to  start  with.  Introducing  the  equation  of 
the  thickness  dependence  (1)  into  the  equation 
of  Tiersten  gives: 


M  d2u 
n _  + 

dx2 


2 

u 


(2a) 


-  n2Tt2 c  u  (  1  -  (b/2-c)2  -  (x-c)2) 

_ _ OP  _ 

d2  Rd„ 


=  0 


with  the  displacement  in  the  x  direction  and  Mq 
a  constant,  which  depends  on  the  elasticity 
coefficients  of  quartz  1)  with  c^  the  most 
Important  contributor  and  n  the  harmonic  number. 
For  the  facet  the  thickness  is  constant  and  we 
have: 

M  d2u  -  n2TT2c  u  +  fuA:  =  0  (2b) 

n  oo  ' 


In  order  to  scale  the  distances,  we  introduce  an 
effective  width,  bejf,  which  we  define  as: 

beff  =2  <RdoV<n2c66>>1/4 

and  with  the  scaled  distances  y=V§TC(x-c)/bejj 


and  y0=V8TC(b/2-c)/bejtf  equations  (2a)  (2b) 
are  rewritten  as: 

d2u  +  (k2  +  (y2-y2)/4>  u  =  0  . y>y0  (3a) 

dy2 

d2u  +  k2u  =  0  . y<y0  (3b) 

dy2 

In  the  above  equations,  k  is  the  factor  con¬ 
taining  the  frequency  and  from  the  preceeding 
equations,  it  follows  that: 


2  v2  ,2 

(n  ^  )(cg6)(  beff)  (  f_ 

•  <  4 


-  i) 


(4) 


with  fon  the  frequency  of  the  thickness  shear 
mode  for  an  infinite  plate  with  a  thickness  d0 
and  with  f0n  *  n(cee/f  )V2/2d0>  The  frequency 
or  k  in  this  case  follows  from  the  boundary 
conditions  which  are:  (i)  zero  derivative  with 
respect  to  y  at  the  centre  or  a  solution 
symmetrical  in  y  for  the  facet,  (ii)  a  solution 
which  decays  to  zero  for  large  y,  if  we  neglect 
the  edge  of  the  crystal.  Besides  this  the 
solutions  in  the  two  regions  must  be  matched  at 
y=y0,  which  means,  that  the  displacement  and  its 
derivative  with  respect  to  y  must  be  continuous 
at  that  point.  With  the  choice  of  cos(ky)  as  a 
solution  of  (3b)  the  first  condition  is  met. 

For  the  contoured  region  (y  larger  than  Yq)  the 
solution  must  be  a  parabolic  cylindrical  funct¬ 
ion  3) ,  which  decays  to  zero  for  large  y  and 
which  is  symmetric  in  y.  The  Whitacker  funct¬ 
ion  3>  U(a,y)  fulfils  these  requirements. gIn 
its  assymptotic  form  it  behaves  as  exp(-y  /A). 
y-s-1/2,  similar  to  the  solution  given  by 
Tiersten  P  for  the, piano  convex  contour.  The 
conditions  of  continuity  at  y=yo  then  give  the 
following  frequency  equation: 


-  (  U(a,y.) 

dy 

TCk 

tan( - )  =  - - (5) 

2kQ  k  U(a,y0) 

with  k^'Y^/S  0>eff/b)  and  a=  -(kZ+y2/4). 

For  the  limiting  case  b/2=c,  equation  (5)  sim¬ 
plifies  to: 

tc  k  1/2.  T(3/4-k2/2) 

tan(  - )'  =  -  (®) 

2k0  k.  T(l/4-k2/2) 


with  T  the  Gamma  function  .  For  the  complete 
convex  case,  with  b=c=0,ko  becomes  infinltly 
large  and  a  solution  of  (7)  is  only  possible 
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when  T(l/4-k2/2)“0  or  k2=0.5.  The  letter 
condition  1>  equal  to  the  solution  of  Tlersten 
as  aay  be  found  using  equation  (4). 

It  will  be  clear  at  this  point,  that  the 
solution  fron  (S)  depends  on  two  paraaeters 
only.  The  first  one,  ko  represents  the  width  of 
the  facet  and  the  second,  yg  the  eccentricity 
of  the  circle,  describing  the  contour.  The 
other  paraaeters  R  and  d q  have  been  eliminated 
by  scaling.  Figure  2  gives  the  solutions  for 
two  special  cases,  c«0  and  c«b  as  a  function 
of  the  width  of  the  facet,  normalised  to  beff. 
The  case  c*0  is  mostly  used,  but  the  case  2c»b 
may  turn  up  in  a  tube  tumbling  process  where 
the  mutual  grinding  between  crystals  or  dummies 
becomes  significant.  As  can  be  seen  in  figure  2 
the  latter  case  is  more  sensitive  to  variations 
in  the  width  of  the  facet.  As  can  be  seen  in 
figure  2,  k  increases  with  further  contouring 
(smaller  b)  and  the  question  arises,  whether 
the  first  order  approximation  of  the  wave  num¬ 
ber  is  accurate  enough. 

In  order  to  investigate  this  we  made  some 
calculations  with  a  finite  element  program 
called  ASKA  2)  0f  a  cross  section  of  the  crys¬ 
tal,  which  is  the  xy  plane.  The  xy  plane  was 
divided  into  120  elements  of  a  more  complicated 
structure  2* .  In  the  x  direction  we  had  60 
elements,  and  in  the  y  direction  2  with  a  total 
of  1210  degrees  of  freedom.  The  problem  is  not 
solved  for  all  these  degrees  of  freedom,  but  an 
iterative  method  finds  only  the  lowest  eigen 
frequencies,  which  is  sufficient  to  find  the 
frequency  of  the  thickness  shear  mode. 

The  results  can  only  be  compared  if  b0jf 
is  known.  Our  first  definition  of  beif  is  not 
adequate  for  this  purpose  because  it  depends  on 
the  equation  of  Tlersten.  We  have  looked  there¬ 
fore  at  another  method  to  determine  b8fjf.  For 
the  complete  convex  contour  (piano  convex),  the 
solution  for  the  motion  has  the  form  given  by 
Tlersten:  exp  (-2  x2/b2  ) .  We  have  found,  that 

the  amplitude,  calculated  with  ASKA  for  this 
type  of  contour  has  the  same  x  dependence,  from 
which  a  value  of  beff  can  be  derived.  As  can  be 
seen  from  the  above  solution  bef  f  defines  the 
region  of  activity  for  the  complete  convex  case. 
From  the  equation  of  Tlersten  it  follows,  that 
beff  i*  proportional  to  (Rd^)1/*.  We  found  the 
same  linear  relationship  with  ASKA  up  to  values 
of  bef f/d0=8>  with  a  slightly  smaller  constant 
of  proportionallity  K,  as  indicated  in  the 
table  below. 

From  the  above  it  follows,  that  we  can 
also  calculate  beff  from  measurements  of  the 
amplitude  versus  x.  We  used  the  measurements 
with  light  modulation  of  Sauerbrey  *)  for  dif¬ 
ferent  values  of  R  to  compare  with  the  above 
results.  As  can  be  seen  in  the  table  below  the 
value  of  K  derived  from  the  measurements  of 
Sauerbrey  agrees  with  the  results  from  ASKA.  The 
value  of  K  derived  from  the  equation  of  Tlersten 


is  slightly  larger  but  this  can  be  corrected 
for  by  making  Ma  smaller. 

Table  1.  Comparison  of  the  constant  of  pro¬ 
portionallity  K  of  b0ff  and  (Rdg)1'*  for 
the  fundamental  frequency,  n«l. 

constant  K 

H. Tlersten  from  def.  with  M  2.76 

n 

Sauerbrey  from  measurement  2.65 

calculated  with  the 
finite  element  method  2.67 

Stoddard  from  Ci  2.78 


beff  for  »  contour  on  both  faces  is  found  with 
ASKA  calculations  to  be  21/*  smaller  than  for 
a  contour  on  one  face.  This  is  equivalent  to  an 
increase  in  the  apacial  rate  of  change  of  the 
thickness  by  a  factor  two  and  in  the  first  order 
approximation  in  equation  (1)  to  halving  the 
radius  of  curvature  R. 

Having  calculated  b0ff  fron  the  ASKA  cal¬ 
culations,  we  compared  this  result  with  the 
solution  of  equation  (5)  for  the  fundamental 
(n*l)  and  c«0.  The  absolute  accuracy  of  the 
frequency  calculated  with  ASKA  is  0.5%,  but  the 
relative  accuracy  of  the  frequency  for  different 
contours  is  expected  to  be  much  better  than  that. 
Figure  3  gives  the  results  after  scaling.  As 
can  be  seen  in  figure  3,  the  scaling  of  the 
ASKA  results  works  well.  The  results  of  ASKA  and 
equation  (5)  are  quite  close,  with  the  ASKA 
results  giving  slightly  smaller  values.  The 
results  of  equation  (5)  for  c*0  can  be  corrected 
to  agree  with  the  results  from  ASKA  in  figure  3 
when  a  value  of  Mn“10 . 24  instead  of  11.01  is 
used.  The  latter  value  was  cslculated  from 
equations  given  by  Tlersten  ,  omitting  the 
mass  loading  effect  of  the  electrodes.  (The 
mass  loading  effect  was  slso  excluded  In  the 
ASKA  calculations) .  The  difference  in  Mn  when 
the  piesoelectric  effect  is  accounted  for,  is 
too  small  to  be  of  any  Influence  here.  As  a 
conclusion,  it  appesrs,  that  a  small  reduction 
in  the  value  of  Mn  is  sufficient  to  correct  for 
the  approximations  made  by  Tlersten  for  the 
cylindrical  contour.  With  the  above  correction, 
the  solution  of  equation  (5)  gives  accurate 
values  of  the  frequency  for  s  partial  contoured 
crystal. 

The  spherical  contour 

Until  now  we  have  neglected  the  as  depen¬ 
dence  of  the  displacement  and  we  have  considered 
a  change  of  the  thickness  in  the  x  direction 
only.  Apart  from  bar  type  crystals,  most  crystals 
sre  spherical  with  a  spherical  contour.  In  the 
solution  given  by  Tlersten  for  the  complete 
convex  contour,  the  z  dependence  is  Included  . 
With  the  scaling  factor  of  figure  3,  the  solu¬ 
tion  for  the  spherical  case  is  larger  by  a 
factor  (1  +  "Vc6  /M  )1/2,  which  gives  2.94  for 
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the  AT  cut.  Experimental  values  given  by 
Tiersten  give  for  the  fundamental  an  average 
value  of  2.6S.  This  value  is  also  found  in  our 
own  experiments,  from  which  the  results  are 
given  in  figure  4.  By  comparing  figures  3  and 
4,  it  can  be  seen,  that  a  simple  multiplication 
of  the  solution  in  figure  3  using  the  above 
factor  2.94  does  not  give  the  values  found  from 
experiments  for  the  spherical  contour. 


with  bz  the  width  in  the  z  direction  and  beff 
the  effective  width  in  the  x  direction  as  de¬ 
fined  on  page  3.  If  we  assume  tor  the  spherical 
contour  a  displacement  in  the  x  direction,  which 
has  circular  symmetry  around  the  y  axis,  we 
arrive  at: 


A  =  b 


av 


2 

eff 


(9) 


The  solution  of  the  spherical  problem 
from  equation  (2)  with  the  z  dependence  included, 
is  not  straightforward,  because  the  boundary 
between  the  facet  and  the  contour  is  circular. 
Therefore  it  is  not  possible  to  find  an  analytic 
solution  as  in  case  of  the  cylindrical  contour. 
Any  solution  of  the  spherical  problem  must 
approach  the  frequency  of  a  circular  flat  crys¬ 
tal  for  large  b.  In  this  limiting  case,  k  is 
proportional  to  1/b  for  both  the  spherical  and 
the  cylindrical  case.  Thus  the  solution  for  the 
cylindrical  case  is  also  valid  for  the  spherical 
case  for  large  b.  This  suggest  the  use  of  the 
solution  for  the  cylindrical  case  with  an  ad¬ 
justed  scaling  factor.  If  we  multiply  k  and  k0 
from  equation  (6)  with  a  factor  1.25,  a  solution 
is  obtained  which  agrees  with  the  experiments 
in  figure  4,  except  for  large  values  of  b/beff , 
where  the  edge  in  the  experiments  is  too  close 
to  the  facet. 

We  concluded  from  this,  that  the  frequency 
for  the  spherical  contour,  can  be  estimated 
from  the  adapted  solution  of  the  cylindrical 
contour.  A  correction  of  the  scaling  factor  of 
1.25  must  then  be  used  to  account  for  the 
different  geometry. 


with  the  method  given  in  the  appendix,  for  very 
large  electrodes.  Stoddard  5)  gives  a  design 
equation  for  the  minimum  of  planoconvex 
crystals,  which  can  be  calculated  back  to  Ci. 

His  equation  is  similar  to  equation  (7)  with 
Aav  from  equation  (9) .  Full  agreement  between 
the  equations  is  obtained  for  a  value  of  the 
coupling  factor  of  8%,  which  is  slightly  less 
than  the  theoretical  value  of  8.8%  for  the  AT 
cut.  The  difference  with  the  theoretical  value 
is  probably  a  correction  for  the  electrode 
trapping,  which  results  in  a  smaller  value  for 
Ci. 

Stoddard  5)  also  defines  an  equivalent 
diameter  D,  which  after  Insertion  in  his  design 
equation  for  L^,  would  yield  the  minimum  motional 
Inductance  of  the  convex  crystal.  Stoddard  gives 
the  following  empirical  relation  for  D: 

D  =  3.14  (Hd0)1/4 

From  this  definition  it  follows,  that 
TCD2/4  =  A#v  and  with  (9),  wp  derive  that 
bgf^.TSCRdo)1/4,  which  is  in  reasonable  agree¬ 
ment  with  values  found  earlier  and  given  in 
table  1. 


The  motional  capacitance 


The  motional  capacitance  Ci  results  from 
the  equivalent  circuit  of  a  crystal  at  resonance 
The  energy  content  of  is  equal  to  the  kinetic 
energy  of  motion  at  resonance,  from  which  the 
following  expression  is  derived  in  the  appendix: 


8  k 


TV 


, .  CSA 
16  &  av 

">  <  — —  > 


(7) 


with  the  coupling  factor  for  the  thickness 
shear,  £sthe  dielectric  constant  for  constant 
strain  and  A#y  the  active  area  of  the  crystal. 

Aav  Is  calculated  from  the  motion  by  an  averaging 
procedure  which  has  been  derived  in  the  appendix. 
As  is  known,  the  contour  imposes  a  definite 
maximum  Cj.  on  the  crystal.  This  is  due  to  the 
restriction  of  the  area  in  motion,  A#y,  not¬ 
withstanding  the  area  covered  by  the  electrode. 
For  the  convex  cylindrical  contour  the  motion 
from  the  equation  of  Tiersten  gives  for  with 
very  large  electrodes: 


Using  the  Integration  method  given  in  the 
appendix,  we  calculated  the  maximum  Ci  from  the 
motion  obtained  with  ASKA  for  a  number  of  cases 
with  a  partial  contour.  The  integration  was 
first  performed  for  the  cylindrical  case  with 
the  z  dependence  neglected.  The  result  can  be 
seen  in  figure  5  as  a  function  of  b/bejf.  For 
the  spherical  contour,  we  assumed  a  circular 
symmetric  displacement,  which  resulted  in  ■ 
figure  6.  For  low  values  of  b/beff  the  amplitude 
is  concentrated  towards  the  centre  and  Cj  for 
large  electrodes  is  nearly  constant.  For  large 
values  of  b/beff  the  facet  overrules  the  contour 
and  the  case  of  a  flat  crystal  with  Ci  propor¬ 
tional  to  b  for  the  cylindrical  case  and  to  b2 
for  the  spherical  case,  is  approached.  For  an 
electrode  diameter,  which  is  small  compared  to 
beff,  Asv  is  equal  to  the  area  of  the  electrode, 
because  the  crystal  is  fully  active  between  the 
electrodes.  For  intermediate  values  of  the 
electrode  diameter,  Ci  can  be  obtained  by  partial 
integration  over  the  electrode. 


A.v  =  bzbeff 


(8) 
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Conclusions 


A  solution  of  the  equation  of  Tlersten  for 
the  partial  cylindrical  contour  has  been  found, 
which  agrees  with  finite  element  calculations 
when  a  small  correction  to  Mn  is  applied.  The 
solution  not  only  gives  accurate  values  of  the 
frequency  for  the  cylindrical  contour,  but  also 
for  the  spherical  contour,  If  the  scaling  of  the 
parameters  of  the  frequency  equation  is  adapted. 
The  scaling  depends  on  b eft,  which  can  be  cal¬ 
culated  directly  from  the  radius  of  curvature 
and  the  thickness  of  the  crystal. 

A  method  is  given,  to  calculate  from 
the  displacement  as  a  function  of  distance.  The 
maximum  motional  capacitance  for  the  complete 
convex  contour  follows  directly  from  baff ,  which 
can  be  interpreted  as  the  average  active  area 
of  the  crystal.  After  the  width  of  the  facet  is 
scaled  with  befy,  a  simple  relationship  with 
the  maximum  Ci  is  found  from  finite  element  cal¬ 
culations.  As  a  conclusion,  the  solution  of  the 
equation  of  Tlersten  and  the  scaling  with  beyf 
couples  simplicity  to  a  good  quantitative  des¬ 
cription  of  the  problem.  The  results  can  be 
improved  by  taking  into  account  the  anisotropy 
of  the  crystal  and  the  trapping  due  to  mass¬ 
loading  of  the  electrodes. 
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Appendix 

Calculation  of  the  motional  capacitance 

The  motional  capacitance  Cj  can  be  derived 
from  the  following  energy  balance.  At  resonance, 
the  crystal  can  be  represented  electrically  by 
the  capacitance  Ci  in  series  with  the  motional 
inductance  Lj,  through  which  a  current  I  flows. 
Because  these  electrical  components  represent 
the  motion  of  the  crystal,  their  energy  content, 


which  is  IaLi  or  Ia/  is  equal  to  the 
potential  energy  or  the  kinetic  energy  of 
motion  at  resonance,  giving  the  following 
equation: 


2  2 
I  /(  w)  Cj) 


dV 


(1) 


with  cD  the  stifness  for  constant  dielectric 
displacement  D  and  S  the  strain  for  the  mode 
in  question.  The  integral  must  be  taken  over 
the  volume  of  the  crystal.  The  current  X  can 
be  eliminated  form  the  above  equation,  using 
the  well  known  piesoelectric  relation: 


T  «  cDS  +  hD  (2) 

E  »  D/f8  +  hS 


T  is  the  shear  stress  in  the  xy  plane  and  X 
is  the  electric  fieldstrength  in  the  y  direction 
h  is  a  constant  of  piezoelectricity  and  the 
usual  subscripts  have  been  omitted  for  sim¬ 
plicity.  At  resonance  the  voltage  across  the 
electrodes  vanishes',  making  the  left  part  of 
the  second  equation  of  (2)  zero  when  it  is 
integrated  over  y.  This  gives  a  direct  relation 
between  D  and  S.  The  current  in  equation  (1) 
is  replaced  by  the  surface  Integral  over  the 
electrode  of  dD/dt  and  D  can  be  replaced  by 
-£^8.  As  a  result,  8  can  be  eliminated  from 
the  energy  balance  and  the  following  expression 
for  Ci  results,  after  introducing  the  coupling 
factor  k16=h('y£57cD> 


S  dxdz) 


8k' 


16 


82dxdz 


X- 


A 


11)  O) 


Aav  is  an  area  obtained  by  averaging  8.  The 
integral  in  the  numerator  must  be  taken  over 
the  area  of  the  electrode  and  the  integral  in 
the  denominator  over  the  area  of  the  crystal. 
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Fig.  2 

The  normalized  frequency  as  a  function  of  the 
normalized  width  of  the  facet,  for  a  cylindrical 
facet,  according  to  the  equation  of  Tiersten. 


FOR  do  »0.4  mm  : 

O  R  ■  13&  mm,  A  R  •  75  mm,<b  R  ■  52  mm 
FOR  do-0,6mm  : 

0-R-62mm 
FOR  do*0,8mm 
•O  R  •  75  mm 


EH--1 

The  solution  of  the  equation  of  Tiersten,  compared 
with  the  results  obtained  with  the  finite  element 
method  (dots),  for  the  cylindrical  contour. 


Fig.  4 

Measurements  (points)  for  a  spherical  contour  on  a 
circular  crystal  (6.5  MHz).  The  full  line  is  the 
solution  of  the  equation  of  Tiersten  with  the 
scaling  factor  adapted  to  give  agreement  with  the 
measurement. 
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BUCK  DOTS  :  SINGLE  CONVEX 


Fig.  5 

The  motional  capacitance  for  a  large  electrode  as  a 
function  of  the  normalized  width  of  the  facet,  for 
the  cylindrical  contour. 


£la-._6 

The  motional  capacitance  for  a  large  electrode  as  a 
function  of  the  normalized  width  of  the  facet,  for 
the  spherical  contour. 
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Summary 


Variational  formalism 


The  different  possible  parities  of  the 
displacement,  compatible  with  the  variational  for¬ 
mulation  of  linear  elasticity,  determine  the  de¬ 
coupled  families  of  modes  of  planar  thin  plates. 
Eleven  groups  of  modes  have  been  found,  depending 
on  the  symmetries  of  the  plates  and  on  the  symme¬ 
tries  of  the  elastic  constants  of  the  material. 

Four  of  these  groups  are  similar  to  the  families  o' 
rectangular  plates  described  by  Lloyd  and  Redwood1. 
The  seven  others  correspond  to  the  combinations  r f 
two  or  four  of  the  previous  groups. 

A  computer  procedure,  based  on  varia¬ 
tional  techniques,  has  been  developed  to  study  the 
properties  of  contour  modes  of  thin  plates  of  any 
shape  and  any  crystallographic  orientation.  Typical 
vibration  patterns  of  each  family  are  discussed. 
Resonant  frequency,  displacement  pattern  and  fre¬ 
quency-temperature  behavior  of  some  modes  are  com¬ 
pared  with  various  published  data. 


Introduction 

The  majority  of  resonant  elastic  struc¬ 
tures  are  described  by  linear  differential  equa¬ 
tions  and  boundary  conditions.  The  contour  modes  of 
thin  mechanically  free  plates  fall  into  this  cate¬ 
gory. 

Lloyd  and  Redwood ^  showed  that  the  diffe¬ 
rential  equations  of  orthotropic  rectangular  plates 
are  satisfied  by  four  distinct  families  of  contour 
modes:  the  diagonal-shear  modes,  the  dilatation- 
type  modes  and  the  flexure  modes  along  each  axis  of 
symmetry  of  the  plate. 

There  are  actually  no  known  analytical 
solutions  to  the  vibration  problems  of  finite  elas¬ 
tic  bodies,  even  in  the  isotropic  case,  if  one  ex¬ 
cepts  the  special  case  of  Lamd  modes.  Consequently, 
if  is  necessary  to  rely  on  approximation  techniques. 
Among  these,  the  most  powerful  methods  are  based 
either  on  finite-difference,  or  on  variational  tech¬ 
niques.  Thus  Holland  and  EerNisse^  used  the 
Rayleigh-Ritz  technique  to  approximate  the  modes  of 
rectangular  isotropic  plates. 


In  an  orthogonal  coordinate  system,  and 
in  tensor  notation,  Holland  and  EerNisse  showed  that 
the  Lagrangian  appropriate  to  linear  elasticity  .is 
expressed  as 

L  ■  2  fff  (ui,jcijkluk,l  "  dV 

V 

where  V  is  the  volume  of  the  solid,  c...,.  is  the 
stiffness  tensor,  y  is  the  density,  u.  3  is  the 
local  displacement;  the  comma  denotes  differentia¬ 
tion  and  all  subcripts  range  from  1  to  3.  The  dif¬ 
ferent  modes  of  vibration  correspond  to  the  statio¬ 
nary  Lagrangian. 

In  the  plane  stress  approximation,  the 
Lagrangian  can  be  expressed  as 


L  “i//(u i,j  Yijkiuk,i  -  *w2uiui> ds 

s 

where  S  is  the  surface  of  the  plate,  Y.. is 
the  usual  planar  stiffness  tensor.  The  indices  ran¬ 
ge  from  1  to  2  for  a  Z-cut  plate. 

One  can  demonstrate  that  the  variation  of 
the  Lagrangian  leads  to  the  differential  equation: 


(w^u.  +  Y- •,  ,u.  , .  =  0 
ill  xjkl  k,lj 


and  to  the  boundary  condition: 


Y 


.  ..  ,U,  ,11. 

ljkl  k,l  j 


0 


where 


n. 

3 


is  the  outward-pointing  normal  vector. 


Holland  and  EerNisse  chose  Fourier  expan¬ 
sions  of  the  displacement  as  trial  functions.  One 
can  show  however  that  power  expansions  yield  more 
exact  frequencies.  The  calculation  of  the  tempera¬ 
ture  dependence  has  been  carried  out  very  carefully 
to  minimize  numerical  errors.  This  precludes  the 
use  of  iterative  methods  for  the  various  matrix 
operations.  The  same  scheme  has  to  be  imposed  at 
different  temperatures^. 
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Symmetries  of  plates  and 
symmetries  of  modes 

Let  us  consider  the  five  symmetries  of  a 
plate,  in  a  set  X  Y  of  rectangular  axes,  as  shown 
in  Fig.  1 .  The  axes  will  be  chosen  as  close  as  pos¬ 
sible  to  the  symmetries  of  the  plate.  These  five 
symmetries  are 

1)  plate  with  X  and  Y  as  axes  of  symmetry 

2)  plate  with  a  center  of  symetry 

3)  plate  with  X  as  axis  of  symmetry 

4)  plate  with  Y  as  axis  of  symmetry 

5)  plate  without  symmetry. 

The  special  case  of  a  plate  with  a  center 
of  rotation  will  be  considered  later. 

Each  displacement  can  be  described  by  the 
sum  of  four  trial  functions,  corresponding  to  the 
different  possible  combinations  of  parities  with 
respect  to  the  X  and  Y  axis: 


EO  OE  EE.  00 

u!  -  u,  +  u,  +  u,  +  ^ 

OE  EO  00  EE 

u2  =  u2  +  u2  +  u2  +  u2 

The  superscripts  refer  to  even  or  odd  pa¬ 
rity. 

Let  us  now  introduce  these  expressions  in¬ 
to  the  Lagrangian  and  the  differential  equations, 
expressed  in  engineering  notation  as 

L  “7 JJ[^11U1,1+/22U2,2+T66(U1,2+U2,1) 

+  2y*12u1,1u2,2+  2(  7*16u1,1+  726U2,2)(u1,2+u2,1) 

-  J  W2  (u2  +  u2)  ]  dS 

?  W  U1  +<V’l1U1,11+")r66ul,22+(  ”^66+  "^2)u2,12 


+  Tri6(2u1,l2+u2,11)+'>r26u2,22  =  0 

ja>2Vy22u2,22+  Tr66U2,11+(^r66+  V  u1,12 


Modes  of  high  symmetry 

Four  groups  of  modes  exist  in  orthotropic 
plates  (  Ti  c  “  Yii  “  0)  with  X  and  Y  as  axes  of 
symmetry.  These  four  families  are  decoupled  in  the 
differential  equations  and  in  the  Lagrangian.  They 
were  described  by  Lloyd  and  Redwood,  and  are  cha¬ 
racterised  by 

1)  u,E0  and  u20E  :  diagonal-shear  modes 

0E  E0 

2)  Uj  and  u2  :  dilatation-type  modes 

00  EE 

3)  u,  and  u2  :  modes  of  flexure  along  the 

X  axis 

4)  u“  and  u_^  :  modes  of  flexure  along  the 

Y  axis 

Fig.  2a  through  2d  illustrate  the  symme¬ 
tries  of  these  modes,  where  the  arrows  correspond 
to  displacements  of  the  same  amplitude.  They  are 
characterized  as  follows: 

1)  diagonal-shear  modes: 

-symmetric  about  the  center  of  the  plate 
-antisymmetric  about  the  X  and  Y  axes 

2)  dilatation-type  modes: 

-symmetric  about  the  center  of  the  plate 
-symmetric  about  the  X  and  Y  axes 

3)  modes  of  flexure  along  the  X  axis: 

-symmetric  about  the  Y  axis 
-antisymmetric  about  the  X  axis 

4)  modes  of  flexure  along  the  Y  axis: 

-symmetric  about  the  X  axis 
-antisymmetric  about  the  Y  axis 

where  antisymmetry  corresponds  to  symmetry  followed 
by  phase  inversion. 

Fig.  3  illustrates  the  first  modes  of  each 
family  of  the  SL  cut^.  The  SL  mode  is  the  second 
diagonal-shear  mode.* 

Fig.  4  and  5  illustrate  the  DT  mode  of  a 
square  plate  and  of  a  circular  plate  respectively. 


Modes  with  a  center  of  symmetry  and 
modes  with  a  center  of  antisymmetry 


+'^26(2u2,12+U1,22)  +"^16U1,11  =  ° 

The  elastic  coupling  effects  between  the 
trial  functions  appears  in  the  differential  equa¬ 
tions,  while  the  kinetic  coupling  effects,  due  to  a 
lack  of  symmetry  of  the  plate,  appears  in  the  La¬ 
grangian  through  the  integral  over  the  surface. 


Two  families  of  modes  have  either  a  cen¬ 
ter  of  symmetry  or  a  center  of  antisymmetry.  The 
first  family  corresponds  to  the  coupling  of  the  dia¬ 
gonal-shear  modes  with  the  dilatation-type  modes. 

The  second  family  corresponds  to  the  coupling  of 
the  flexure  modes  along  the  X  axis  with  the  fle¬ 
xure  modes  along  the  Y  axis.  These  two  families 

The  frequencies  as  well  as  the  frequency-tempera- 
ture  behavior  are  the  computed  values. 

The  frequency  constant  relates  to  the  width  of  a 
rectangular  plate,  or  to  the  diameter  of  a  circle. 
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correspond  either  to  elastic  coupling  in  anisotro¬ 
pic  plates  with  the  axes  of  symnetry  X  and  Y,  or 
to  kinetic  coupling  in  plates  with  a  center  of  sym¬ 
metry.  They  are  characterized  by 


1)  u 


EO  OE  . 

Uj  +  Uj  and  u2 


OE  EO 
u„  +  u„ 


1  "1  .  ^  „2  „2  .  „2 
modes  with  a  center  of  symmetry. 


2)  u 


00  EE 
+  Uj  and  u2 


EE^  00 
u2  +u2 


modes  with  a  center  of  antisymmetry. 


Fig.  2e  and  2f  illustrate  the  symmetries 
of  these  two  modes. 

Fig.  6  illustrates  the  first  modes  of 
these  two  families  for  the  ZT  cut^.  In  this  case, 
the  anisotropy  of  the  plate  produces  a  weak  elastic 
coupling  between  the  two  basic  families.  The  ZT  mo¬ 
de  is  the  fourth  mode  with  a  center  of  symmetry,  No 
coupling  effect  appears  on  the  displacement  pattern. 
This  is  due  to  the  fact  that  y*^  as  well  as  Y*26 
vanish  at  25 °C. 

Fig.  7  illustrates  the  first  modes  with  a 
center  of  symmetry  for  the  GT  cut.  The  GT  mode  cor¬ 
responds  to  the  fourth  mode. 

Fig.  8  illustrates  the  kinetic  coupling 
in  the  case  of  an  isotropic  Z-cut  plate  with  a  cen¬ 
ter  of  symmetry. 


Modes  with  an  axis  of  symmetry  and  modes 
with  an  axis  of  antisymmetry 

Two  families  of  modes  are  either  symmetric 
or  antisymmetric  about  X  .  The  first  family  corres¬ 
ponds  to  the  coupling  at  the  dilatation-type  modes 
with  the  flexure  modes  along  the  Y  axis.  The  se¬ 
cond  family  corresponds  to  the  coupling  of  the  dia¬ 
gonal-shear  modes  with  the  flexure  modes  along  the 
X  axis.  These  two  families  correspond  to  kinetic 
coupling  in  plates  symmetric  about  X  .  They  are 
characterized  by 


EE  OE  . 

1)  Uj  ■  Uj  +  Uj  and  u2 
modes  symmetric  about 


00^  E0 
U2  +U2 


2)  u 


0°x  E0  a 

u.|  +  Uj  and  u2 


EE.  0E 
u2  +u2 


modes  antisymmetric  about  X. 


Fig.  2g  and  2h  show  the  symmetries  of 
these  two  modes. 

Fig.  9  illustrates  the  first  mode  of  the¬ 
se  two  families  for  an  isotropic  Z-cut  plate. 

Two  other  families  of  modes,  similar  to 
the  previous  ones  are  either  symmetric  or  antisym¬ 
metric  about  Y  ,  as  shown  in  Fig.  2i  and  2j. 


Modes  without  symmetry 

The  last  family  of  modes  has  no  symmetry 
and  is  characterized  by  the  coupling  of  all  the 
four  basic  families.  This  type  of  modes  occurs  ei¬ 
ther  in  anisotropic  plates  symmetric  about  an  axis, 
or  in  plates  without  symmetry,  as  shown  in  Fig.  10. 


Plates  with  a  center  of  rotation 

Let  us  consider  the  two  cases  of  plates 
with  a  center  of  rotation  as  shown  in  Fig.  11.  One 
of  these  possesses  additional  axes  of  symmetry. 

The  displacement  patterns  will  be  related 
to  the  symmetry  of  the  plate  as  long  as  the  elastic 
constants  have  the  same  order  of  rotation.  With  the 
rotation  equations  given  by  Love5,  one  can  demons¬ 
trate  that  this  is  only  possible  for  isotropic  pla¬ 
tes.  In  appropriate  polar  coordinates,  the  Lagran- 
giau  and  the  differential  equations  are  expressed 
as 


L  «!//[-  $u,2(u2+u2)  +T11(ur>r+  r(ur+u6,0)  )2 
+  ^66((u0,r'J(Vur,e))2T  “r.^Ve.e”  I ds 

J^V  Yil(ur,rr4  (ur,r+u9,re)-^2(ur+ue,0)) 
"^66(r  u0,r0+^2  (u0,0  ““r.00^  “  0 


+  ^66  (u0  ,rr4(u0  ,r~Ur ,  r0>  ( VUr  ,0)  } 

+  fl1(r  ur,r0*'?(ur,0+u8,00))  ”  0 


One  can  show  that  four  decoupled  families 
of  modes,  similar  to  the  previous  basic  families, 
exist  in  plates  with  a  center  of  rotation  and  axes 
of  symmetry.  They  can  be  described  by  trial  func¬ 
tions  expressed  as  a  power  series  in  the  radius  r  , 
and  as  sine  or  cosine  series  of  the  polar  angle  0 
as  follows: 

1)  shear  modes:  ur  “JI*1  cos(jp0)  and 
u0  =£rx  sin(jp0) 


2)  dilatation-type  modes: 

=  £rx  sin(jp0)  and 

uft  =51  r1  cos(jp0) 
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3)  modes  symmetric  about  an  axis: 


Three-dimensional  modes 


cos(j®)  and 
Ug  •*  r1  sin(j8) 

4)  modes  antisymmetric  about  an  axis: 

ur  “  53  rl  (j®)  and 

u0  -Ir1  cos  (j0) 

where  p  is  the  order  of  the  center  of  rotation. 

These  different  types  of  modes  are  cha¬ 
racterized  as  follows: 

-  the  shear  modes  are  antisymmetric  about  each  axis 
of  symmetry  of  the  plate 

-  the  dilatation-type  modes  are  symmetric  about 
each  axis  of  symmetry  of  the  plate 

-  the  modes  with  an  axis  of  symmetry  are  symmetric 
about  one  of  the  axis  of  symmetry  of  the  plate 

-  the  modes  with  au  axis  of  antisymmetry  are  anti¬ 
symmetric  about  one  of  the  axis  of  symmetry  of 
the  plate. 

Fig.  12  illustrates  the  first  modes  of 
each  of  these  families  for  a  Z-cut  equilateral  tri¬ 
angle.  One  can  observe  that  the  frequency  of  the 
mode  with  an  axis  of  symmetry  and  the  frequency  of 
the  mode  with  an  axis  of  antisymmetry  are  identical. 
More  generally,  in  the  case  of  plates  with,  a  center 
of  rotation  of  odd  order,  the  frequencies  as  well 
as  the  frequency-temperature  behaviors  of  modes 
with  an  axis  of  symmetry  are  identical  to  those  of 
modes  with  an  axis  of  antisymmetry.  This  is  due  to 
the  fact  that  the  difference  of  the  displacement 
patterns  of  equal  modes,  belonging  to  the  same  fa¬ 
mily,  corresponds  to  a  pattern  showing  the  symmetry 
of  the  other  family. 

In  a  plate  with  a  center  of  rotation  of 
even  order,  there  is  always  an  axis  of  symmetry 
perpendicular  to  another  axis  of  symmetry.  Thus  a 
mode  with  an  axis  of  symmetry  can  also  be  conside¬ 
red  as  a  mode  with  an  axis  of  antisymmetry.  Fur¬ 
thermore  there  are  two  types  of  axes  of  symmetries 
in  such  plates.  Consequently,  there  are  also  two 
types  of  modes  with  an  axis  of  symmetry  having  the 
same  frequencies.  Fig.  13  illustrates  the  first  mo¬ 
des  of  each  type  for  a  Z-cut  square  plate. 

In  the  case  of  plates  with  a  center  of 
rotation,  but  without  an  axis  of  symmetry,  there 
are  two  families  of  modes  corresponding  respective¬ 
ly  to  the  kinetic  coupling  of  the  shear-modes  with 
the  dilatation-type  modes,  and  to  the  coupling  of 
the  modes  with  an  axis  of  symmetry  and  the  modes 
with  an  axis  of  antisymmetry,  as  illustrated  in 
Fig.  14.  The  first  family  has  a  center  of  rotation 
of  the  same  order  as  the  plate,  or  a  submultiple  in 
the  case  of  even  order. 


A  similar  analysis  shows  that  for  three- 

dimensional  modes,  51  decoupled  families  are  possi¬ 
ble.  They  depend  on  8  basic  families.  The  43  other 

families  can  be  characterized  as  follows: 

-  12  groups  result  from  the  elastic  coupling  of 
2  basic  families; 

-  2  groups  result  from  the  elastic  coupling  of 
4  basic  families; 

-  16  groups  result  from  the  kinetic  coupling  of 
2  basic  families; 

-  12  groups  result  from  the  kinetic  coupling  of 
4  basic  families; 

-  1  group  result  from  the  kinetic  coupling  of  all 
8  basic  families. 
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TEMPERATURE  DEPENDENCE  OF  THE  FORCE  FREQUENCY  EFFECT 
FOR  THE  AT-,  FC-,  SC-,  AND  ROTATED  X-CUTS 


Errol  P.  EerNisse* 
Quart ex,  Inc. 

1020  Atherton  Drive 
Salt  Lake  City,  UT  84107 


Measurements  have  been  made  of  the  tempera¬ 
ture  dependence  of  the  force  frequency  effect  for 
the  FC-  and  SC-cuts  of  quartz  resonators  from 
25SC  to  over  100°C.  Results  for  the  AT-cut  are 
included  for  comparison  purposes.  Also,  corrected 
earlier  Rotated  X-cut  results  are  Included.  All 
cuts  are  summarized  together  to  represent  the 
commonly-used  doubly  rotated  Y-cut  family. 

It  is  found  that  the  azimuthal  angles  where 
Kf  is  zero,  which  are  of  interest  for  mounting 
locations,  shift  with  temperature  for  all  four 
cuts.  The  shifts  can  be  large  and  should  be 
taken  into  account  when  developing  the  optimum 
mounting  points  of  a  crystal  for  oven-controlled 
applications . 


Introduction 


The  force-frequency  effect  is  the  shift  in 
resonant  frequency  of  circular,  thickness  shear¬ 
mode  resonators  caused  by  diametrically  opposed 
point  forces  applied  on  the  perimeter  in  the 
plane  of  the  resonator  blank.  The  effect  arises 
from  the  nonlinear  elastic  effects  which  couple 
the. initial  stress  of  the  applied  forces  to  the 
resonant  vibrations.  The  effect  causes  undesire- 
able  frequency  shifts  with  the  influences  of 
mounting  stresses  and  acceleration.  It  has  been 
studied  extensively  around  room  temperature  for 
frequency  control  applications.?--®  The  primary 
motivation  of  these  early  studies  was  to  identify 
locations  where  mountings  could  be  applied  with  a 
minimum  of  influence  by  the  mounting  structures 
on  frequency  stability. 


The  temperature  dependence  of  Kf  has  been 
investigated  previously  for  the  AT-cut? »®  and 
Rotated  X-cut. 9  The  present  work  presents  new 
data  for  the  AT-,  FC-,  and  SC-cuts  and  corrected 
data  for  the  Rotated  X-cut.  Thus,  four  orienta¬ 
tions  are  now  known  in  the  doubly  rotated  family 
(YXwiH.e.?0  For  all  four  orientations,  a  shift 
is  seen  with  temperature  in  the  azimuthal  angles 
where  Kf  is  zero.  Historically,  two-point  mount* 
lng  structures  for  the  resonators  are  placed  in 
the  vicinity  of  these  azimuthal  angles  to  reduce 
sensitivity  to  mounting  stresses  and  acceleration. 
The  temperature  sensitivity  of  these  mounting 

*The  raw  experimental  data  reported  here  were 
taken  while  the  author  was  at  Sandia  Laboratories. 


points  varies  with  choice  of  cut,  but  the  general 
conclusion  holds  for  all  four  cuts  aunmarized 
here  that  experimental  determination  of  the 
optimum  mounting  points  should  be  done  at  the 
anticipated  operating  temperature  of  the  oven. 

If  this  is  not  done,  the  mounting  locations 
determined  at  room  temperature  can  be  as  much  as 
5*  or.  more  away  from  optimum  at  an  oven  tempera¬ 
ture  of  80*C. 


Experimental  Technique 

The  experimental  technique  used  here  has 
been  described  earlier.9  Briefly,  a  circular 
resonator  is  held  in  a  circle  of  20  individual 
fingers.  Any  opposing  pair  of  fingers  can  be 
periodically  squeezed  with  a  motor /cam  arrangement. 
The  crystal  is  used  in  an  oscillator  circuit 
whose  output  is  beat  against  a  reference  signal. 
The  difference  frequency  is  frequency  discrimi¬ 
nated  and  measured  with  a  phase-lock  amplifier 
locked  to  the  motor/cam.  Repeatability  is  better 
than  5X.  The  entire  finger  assembly  fits  into  a 
tube  furnace  for  temperature  measurements. 

The  force  frequency  coefficient  Kf  (in  m  s/N) 
is  defined  as 

Af  „  F  N0 

~f  Kf-dr 


where  F  is  applied  force  in  N,  N0  Is  frequency 
constant  in  m/s,  d  is  resonator  diameter  in  m, 
t  is  resonator  thickness  in  m,  and  Af/f  is 
fractional  frequency  shift.  The  azimuthal  angle 
t|>  defines  the  location  on  the  perimeter  where  F 
is  applied.  It  is  measured  for  the  (YXwi)4,  6 
cuts  counterclockwise  around  the  y"  axis  from  the 
x"  axis.® 


One  inch  diameter,  flat  circular  resonator 
samples  with  thickness  for  fundamental  thickness 
shear-mode  operation  around  6MHz  were  obtained 
for  each  of  the  cuts  Investigated,  plated  with 
Cr/Au  key  hole  pattern  electrodes,  and  measured 
in  the  multi-finger  apparatus.  The  finger 
assembly  was  inserted  into  a  tube  furnace  to  vary 
temperature.  The  Kf  response  at  each  of  the  ten 
pairs  of  fingers  was  measured  and  then  temperature 
was  changed.  Typical  data  are  shown  in  Figure  1 
where  Kf  is  plotted  vs.  temperature  for  selected 
azlmuthsl  angles  on  the  SC-cut.  Note  that  Kf 
varies  linearly  with  temperature  within  the 
scatter  in  the  data.  The  lines  are  least-squared 
fits  of  a  straight  line.  The  slope  of  the 
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straight  lines  are  used  here  as  dKg/dT. 

Azimuthal  angle  $  was  determined  to  within 
±2*  by  noting  finger  pair  location  relative  to  a 
flat  on  the  resonator  edge  placed  by  the  crystal 
supplier.  An  error  of  90*  occurred  in  identifying 
<p  for  the  earlier^  Rotated  X-cut  data.  The 
earlier  published  Kg  vs.  temperature  results  for 
this  cut  are  repeated  here  in  Figure  2  with  the 
correct  41  values.  The  scatter  in -data  seen  in 
Figures  1  and  2  is  typical  for  all  four  cuts 
measured. 

The  general  data  will  be  presented  as  Kg  vs. 
azimuthal  angle  and  as  dKg/dT  vs.  azimuthal  angle 
since  behavior  of  Kg  with  T  is  linear  within  the 
experimental  error.  The  Kg  data  will  be  plotted 
for  both  25*C  and  the  highest  temperature  measured 
for  each  cut.  In  terms  of  the  (YXwi)$,  6  family, 
the  AT-,  FC-,  SC-,  and  Rotated  X-cuts  correspond 
to  4  values  of  0°,  15*,  22*,  and  30*,  respectively, 
with  9  adjusted  near  -35®  to  give  a  zero  tempera¬ 
ture  coefficient  of  frequency.  Figures  3  though 
6  show  the  measured  results  for  these  four  cuts. 

Figure  3  contains  the  AT-cut  results.  The 
lines  for  Kf  in  the  upper  half  have  been  added  for 
viewing  purposes  only.  The  ip  values  for  zero  Kg 
at  25®C  are  65®  and  115®.  At  78*C  these  angles 
change  to  60*  and  120®.  For  transducer  applica¬ 
tions  one  is  Interested  in  the  ij>  angles  where 
dKg/dT  is  zero;  these  are  40®  and  140®  as  seen  in 
the  lower  half  of  Figure  3.  The  line  in  the  lower 
half  of  Figure  3  is  the  experimental  result  of 
reference  7.  The  results  in  Figure  3  for  both  Kf 
and  dKg/dT  are  in  good  agreement  with  the  earlier 
AT-cut  results.^*' 

Figure  4  contains  the  results  for  the  FC-cut. 
Lines  have  been  added  through  the  data  points  for 
viewing  ease.  For  zero  Kg  at  25°C,  <p  is  79'  and 
137®.  At  160®C,  these  change  to  65®  and  142®. 

The  zeros  of  dKg/dT  occur  around  ip  =  44°  and  143®. 

Figure  5  contains  the  SC-cut  results  with 
lines  through  the  data  for  viewing  purposes.  The 
zeros  of  Kg  occur  at  i|i  ■  1®  and  89®.  At  120®C, 
the  zeros  occur  at  83®  and  170®.  The  dKg/dT  is 
zero  at  1(1  »  63®  and  149®. 

Figure  6  contains  the  Rotated  X-cut  results 
with  lines  added  for  viewing.  The  zeros  of  Kg 
occur  at  f  *  13®  and  87®.  At  275®C,  these  zeros 
occur  at  i|/  *  79®  and  178®.  The  dKg/dT  characteri¬ 
stic  has  zero  at  i|<  *  52®  and  137®. 

Figure  7  summarizes  Kg  vs.  \p  at  25®C  and 
dKg/dT  vs.  t(i  by  plotting  the  smooth  curves  drawn 
through  the  data  in  Figures  3  through  6.  In  all 
cases,  the  locations  of  zero  Kg  have  appreciable 
temperature  dependencies.  Taken  as  a  family,  one 
location  of  the  zeros  of  Kg  at  25®C  ranges  from 
1(1  »  65®  to  89®  and  back  to  87®  as  $  goes  from  0® 
to  30®.  Nowhere  in  this  \ p  range  does  dKg/dT 
become  zero  when  Kg  is  zero.  The  other  location 
for  the  zero  of  Kg  at  25®C  varies  from  ip  *  115® 
to  193®  (13®)  as  $  goes  from  0®  to  30®,  Somewhere 
between  the  FC-  and  SC-cuts  (<p  ■  15®  to  22°)  there 


is  a  cut  of  quartz  where  Kg  and  dKg/dT  are  both 
zero  at  the  same  azimuthal  angle. 

Note  in  the  lower  half  of  Figure  3  that  the 
area  beneath  the  dKg/dT  wave  is  larger  for  nega¬ 
tive  values  than  for  positive  values,  thus  the 
integral  of  dKg/dT  is  negative  and  the  integral  of 
Kg  over  4*  changes  downward  with  Increasing 
temperature  for  the  AT-cut.  Similar  conclusions 
are  reached  for  the  FC-  and  Rotated  X-cuts  from 
Figures  4  and  6.  For  the  SC-cut  in  Figure  5,  the 
Integral  of  dKg/dT  is  nearly  zero,  so  the  integral 
of  Kg  over  ^>,  which  is  zero  for  this  cut,  stays 
near  zero  at  All  temperatures .  This  happy 
circumstance  means  that  the  stress  compensation 
feature  of  the  SC-cut  is  relatively  temperature 
insensitive. 

Conclusions 

Four  members  of  the  (YXwi)t,  9  family  of 
doubly  rotated  cuts  of  quartz  have  been  investi¬ 
gated  for  the  temperature  dependence  of  the  force 
frequency  effect,  the  AT-,  FC-,  SC-,  and  Rotated 
X-cuts.  For  all  four  cuts,  the  results  show  that 
the  azimuthal  angles  where  Kg  is  zero  shift  with 
temperature.  If  these  ip  values  where  Kg  is  zero 
are  chosen  as  mounting  points  to  minimize  mounting 
and  acceleration  effects  on  frequency  stability, 
the  ultimate  operating  temperature  must  be  taken 
into  account.  Otherwise,  the  i|i  angles  will  be  in 
error.  For  Instance,  if  the  SC-cut  is  mounted  at 
^  *  1®  where  Kg  is  zero  for  25®C,  but  the  crystal 
is  then  used  in  an  80®C  oven,  the  ^  for  a  zero  of 
Kg  should  really  be  at  -4® (176°),  so  there  is  a 
5®  error  and  Kg  at  the  1(1  *  1®  mounts  at  80®C  will 
be  appreciable. 
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Representative  data  for  the  SC-cut  shown  as  Kf  vs.  temperature 
for  selected  values  of  azimuthal  angle  f.  Lines  are  least 
squared  error  fit. 


AZIMUTHAL  ANGLE  IN  DEGREES 

Figure  3.  Kf  at  25°C  and  788C  vs.  f  for  the  AT-cut,  lines  are  added  for 
viewing  purposes.  dKf/dT  vs.  <(/  for  the  AT-cut,  line  is  result 
published  in  reference  7. 
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Abstract 


The  quest  for  high  stability  crystal  vibrators 
for  advanced  frequency  control  applications  has  led 
in  the  very  recent  past  to  a  number  of  far-reaching 
developments.  As  the  level  of  frequency  stability 
has  improved  over  the  years,  various  factors  that 
were  once  imperceptible  have  become  nonnegligible, 
and  their  influences  have  had  to  be  dealt  with  - 
eliminated,  reduced,  or  compensated.  The  task  of 
adding  to  the  list  continues.  At  present  the  most 
obvious  contributors  to  resonator  performance  have 
been  enumerated.  It  Is  important  to  continue  to 
catalog  less  obvious  effects,  and  to  evaluate  crit¬ 
ically  at  what  level  their  Influences  make  an  ap¬ 
pearance  in  the  error  budget  of  the  resonator. 

We  consider  a  number  of  influences  that  are 
more-or-less  "subtle".  Each  is  examined  to  see 
what  contribution  It  makes  to  resonator  performance. 
It  is  apparent  that  some  have  to  be  taken  into  ac¬ 
count  in  present-day  applications;  others  may  be¬ 
come  important  as  future  stability  specifications 
become  even  more  stringent. 
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Introduction 

The  year  1980  marks  the  centenary  of  the  dis¬ 
covery  of  piezoelectricity  by  the  brothers  Curie, 
and  the  fifty-eighth  year  of  the  quartz  oscillator.1 
The  past  thirty  years  or  so  have  seen  the  develop¬ 
ment  of  cultured  quartz  from  coin-sized  pieces, 
shown  in  Fig.  1,  to  large  crystals  that  constitute 
the  bulk  of  the  usage  today  (Fig.  2).  Since  the 
introduction  of  the  quartz  crystal -controlled  os¬ 
cillator  by  Cady,  each  decade  of  time  has  seen 
approximately  one  order  of  magnitude  frequency 
stability  improvement.  Progress  in  timekeeping  is 
seen  on  a  broad  time  scale  in  Fig.  3,  adapted  from 
Reference  2;  a  similar  chart  is  given  in  Reference 
3.  Further  improvements  will  depend  upon  less- 
obvious  factors  than  have  been  considered  to  date. 
This  paper  briefly  treats  a  number  of  such  topics. 


Magnetic  Fields 

Quartz,  and  other  high  purity  dielectric  crys¬ 
tals,  can  be  considered  to  be  nonmagnetic  for  our 
purposes  here.  A  vibrating  crystal  with  metallic, 
nonmagnetic  electrodes  is,  however,  affected  by  ex¬ 
ternal  magnetic  fields.  Eddy  currents  are  produced 
in  the  electrodes  by  their  motions  in  the  fields; 
these  change  the  critical  frequencies  of  the  vibra¬ 
tor,  and  lower  its  Q.  The  situation  Is  depicted  in 
Fig.  4,  where  the  vibrator  leads  are  considered 
attached  to  the  remainder  of  the  oscillator  and  the 
combination  adjusted  to  the  resonance  condition  of 
the  vibrator  (zero  reactance  at  all  times).  The 
case  with  magnetic  field  parallel  to  crystal  thick¬ 
ness  is  treated. 

For  a  pure  shear  mode,  the  retarding  force  den¬ 
sity  at  the  plate  surfaces  is 

-  j  u>  a  fe2  U,  (1) 

with  o  the  electrical  conductivity  of  the  electrode, 
and  u  the  mechanical  displacement  at  the  surfaces. 
Electrodes  of  thickness  h'  will  thus  produce  res¬ 
istances  of 

R  -  a  A  B2  h'  (2) 

for  areas  of  value  A.  Using  conventional  notation4, 
this  leads  to  an  expression  for  the  input  admittance 
of  the  single  mode  vibrator,  including  the  effects 
of  electrode  inertia5; 

Yin  =  j  ui  C0  +  j  u  Co  •  /j, 

{(X/(k2  tan  X)  -  1  -  X2  p/k2)  +  (jXRY0/k2)}‘\ 

Resonance  and  anti  resonance  frequencies  are  deter¬ 
mined  from  the  zeros  of  the  susceptance  function  as 
the  roots  of 

(X-(k2  +  p  X2)  tan  X)  *  (1  -  p  X  tan  X) 

+  X  •  (R  Y0)2  •  tan2  X  =  0. 

When  R=0,  the  first  expression  in  brackets  yields 
the  condition  for  resonance,  and  the  second  that  for 
anti  resonance.  From  the  expression  for  Y,-n  the 
network  in  Fig.  5  is  obtained  for  p=o  (massless 
electrodes).  Inclusion  of  mass  merely  replaces  the 
resistances  at  C-D  and  E-F  by  series  R-L  combina¬ 
tions.  Figure  6  is  the  bisected  version  of  Fig.  5. 
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Departures  from  the  resonance  frequency  as  fun¬ 
ction  of  R  are  found  by  perturbation,  with  RYo  the 
small  parameter.  The  expression  for  frequency 
shift  is 

af/f  *  -  (2/tt)2  (RY0)2  (5) 

with  RY0  =  a  h'  B2  /  (pv),  (6) 

p  the  quartz  mass  density,  and  v  the  acoustic  vel¬ 
ocity  of  the  mode  in  question.  It  is  seen  from  (5) 
and  (6)  that  the  frequency  shift  is  quartic  in  the 
magnetic  field  strength.  Table  1  gives  frequency 
shift  values  for  an  AT  cut  having  10,000  A  copper 
electrodes;  only  for  fields  about  ten  thousand 
times  larger  than  that  of  the  earth  (the  first 
entry  in  the  table)  is  the  effect  perceptible. 

This  analysis  has  been  extended  to  the  multi¬ 
mode  case,  and  the  situation  of  a  lateral  magnetic 
field,  with  corresponding  network  representations. 5 


Ambient  Vibrations 

Insensitivity  to  acceleration  is  one  of  the  most 
prominent  criteria  by  which  to  judge  high  stability 
resonators.  At  present,  the  rule-of-thumb  number 
relating  frequency  shift  to  applied  acceleration  is 
2x1 0*9  per  g,  although  efforts  are  underway  to  re¬ 
duce  this  value.  (See  the  references  given  In  Ref¬ 
erence  6).  It  appears  that  a  sensitivity  of 
1x10- 11  /g  is  a  reasonable  goal  for  the  next  few 
years.  These  two  sensitivity  figures  have  been 
used  in  conjunction  with  published  values  for  accel¬ 
eration  levels  in  various  environments7'12  to  pro¬ 
duce  the  frequency  shift  entries  shown  In  Table  2. 

From  Table  2  it  is  seen  that  the  decrease  in 
acceleration  sensitivity  to  parts  In  10tt  per  g  and 
beyond  is  highly  desirable.  The  smallest  entry  in 
the  table  is  due  to  microseisms8'12.  Figure  7, 
taken  from  Reference  10,  shows  the  very  Interesting 
spectrum  of  microseisms  observed  at  the  earth's 
surface.  It  appears  that  the  spectrum  of  displace¬ 
ment  versus  period  plotted  on  log-log  scales  con¬ 
sists  of  portions  of  +2  and  -2  slope  peaking  rather 
sharply  around  a  period  of  about  7  seconds.  The 
maximum  amplitude  of  acceleration  is  approximately 
4  micro-g's,  and  is  constant  along  the  +2  slope 
line.  For  oscillators  with  high  acceleration  sen¬ 
sitivity  this  source  of  disturbance  would  have  to 
be  eliminated  by  mounting  supports  even  for  isola¬ 
ted,  underground  installations.  Building  vibrations 
are  far  greater  than  microseisms,  and  their  noise 
spectra  must  be  considered  in  the  installation  of 
precision  oscillators.  In  certain  locations,  the 
accelerations  due  to  earthquakes  must  be  allowed 
for,  although  the  vibrations  found  in  urban  environ¬ 
ments  produce  accelerations  associated  with  earth¬ 
quakes  of  magnitude  3-4  on  the  Richter  scale9. 

This  scale  is  defined,  for  shallow  shocks,  as  the 
log10  of  the  maximum  trace  amplitude  in  micrometers 
with  which  the  standard  short-period  torsion  seis¬ 
mometer  would  register  that  earthquake  at  an  eplcen- 
tral  distance  of  100  km. 

One  crystal  resonator  structure  having  decreased 


acceleration  sensitivity  for  accelerations  in  the 
thickness  direction  is  the  ring-supported  config¬ 
uration6.  Several  varieties  of  these  are  displayed 
in  Fig.  8  and  Fig.  9;  they  bear  a  resemblance  to 
grooved  resonators 13-1 5  except  that  the  membrane  of 
quartz  connecting  the  support  ring  to  the  active 
portion  is  wider  to  allow  for  energy  trapping. 


Hass  Imbalance 

In  treatments  of  resonator  electroding,  it  is 
usually  tacitly  assumed  that  both  electrodes  are  of 
equal  size  and  thickness.  The  practical  reality  is 
usually  just  the  opposite.  It  is  very  difficult  to 
guarantee  that  the  thicknesses  are  equal  in  the 
first  place;  to  make  matters  worse,  final  frequency 
adjustment  is  usually  made  with  a  burst  of  material 
applied  to  a  single  side.  Add  to  this  situation 
the  facts  that  registration  of  both  electrodes  is 
never  perfect,  that  the  electrode  tabs  are  asym¬ 
metrically  disposed,  and  that  sometimes  a  larger 
electrode  is  used  on  one  side  to  Improve  statistical 
uniformity  of  C4  by  compensating  for  mis-registra- 
tion,  then  it  is  seen  that  symmetry  of  the' plate 
resonator  about  the  mid-plane  is  seldom,  if  ever, 
achieved. 

The  single-mode  case  is  treated,  by  way  of  ex¬ 
ample,  for  a  simple  electrode  mass  Imbalance  in  the 
one-dimensional  approximation.  The  equivalent  net¬ 
work  is  that  of  Fig.  5  with  the  mechanical  ports 
C-D  and  E-F  having  the  equal  resistances  R  replaced 
by  unequal  transmission  lines  representing  the  thick 
electrodes.  When  the  electrodes  are  thin  enough 
for  propagation  of  the  acoustic  waves  to  be  ne¬ 
glected  within  the  electrodes,  the  transmission 
lines  are  replaced  with  lumped  inductances;  the 
mass  Imbalance  results  in  unequal  Inductance  values 
and  prevents  the  network  from  being  bisected,  as  in 
Fig.  6.  When  bisection  can  take  place,  the  trans¬ 
mission  line  representing  the  crystal  plate  of 
thickness  2h  is  replaced  by  one  of  half  this  value 
and  the  construction  for  the  critical  frequencies 
is  that  given  In  Fig.  10;  the  formulas  are  those  of 
the  bracketed  terms  in  (4)  separately  set  to  zero. 

An  AT-cut  resonator  with  symmetrical  electrodes  of 
equal  thickness  produced  the  mode  spectrograph  of 
Fig.  11.  Strong  responses  are  found  at  the  odd 
harmonics,  and  nothing  is  visible  at  the  even  har¬ 
monics. 

It  is  appropriate  now  to  quote  from  Cady}  p  308: 

"There  are  circumstances  under  which  a  plate 
may  conceivably  vibrate  in  a  thickness  mode 
at  or  close  to  an  even  harmonic  frequency. 

The  shape,  size,  and  location  of  the  elect¬ 
rodes  may  be  such  as  to  produce  a  driving 
field  In  the  plate  that  varies  in  the  direc¬ 
tion  of  the  thickness.  Or  the  plate  may  be 
twinned  or  have  other  defects  such  that  the 
excitation  is  not  uniform.  Finally,  the 
plate  may  be  in  contact  with  an  electrode  of 
considerable  mass,  so  that  in  effect  one  has 
a  composite  resonator." 
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When  the  electrodes  are  of  unequal  mass,  and 
circuit  bisection  is  not  possible,  the  construction 
becomes  that  of  Fig.  12,  where  the  critical  fre¬ 
quencies  are  determined  by  intersection  with  a  tan¬ 
gent  function  of  argument  2X  instead  of  X.  The  ex¬ 
pression  for  input  impedance  is 


versus  temperature  curves  suffer  anomalous  dips  as 
the  interfering  mode's  influence  is  manifest  at  a 
particular  temperature.  The  second  harmonic  mode 
"divided  by  two"  via  the  nonlinear  elastic  constants 
can  produce  dips  at  the  fundamental. 


v  0/j«co).  n- 


k2  (tanX/X) 


((1-yX  tanX)  + - —  X-2  -  ) 

(1+uX  cotX) 


where  p  =  (m  +  m2)/2  and  A  =  (ui  -  Vz)/Z.  Equa¬ 
tion  (7)  has  been  written  in  terms  of  argument  X 
for  the  tangent  and  cotangent  functions.  The  anti¬ 
resonant  frequencies  (denoted  fA^1)  for  M  odd,  and 
ffr(M)  f0r  m  even)  are  found  from  the  vanishing  of 
the  bracketed  term  in  (7)  as  roots  of 


tan  2X  = 


-(ui  +  p2)  X 
(1-  Pj  Jl2  X2) 


These  are  shown  in  Fig.  12  along  with  the  high  and 
low  frequency  asymptotes  of  the  right  hand  side  of 
(8).  The  roots  for  the  resonant  frequencies  are 
found  from  the  zeros  of  (7). 


The  even-harmonic  resonances  p-oduced  by  the 
unequal  mass-loadings  on  the  crystal  plate  surfaces 
(pi  f  y2)  are  very  sharp  compared  to  the  odd  har¬ 
monics  as  may  be  seen  from  Fig.  13.  It  is  thus 
possible  to  use  such  resonances  for  stabilizing  the 
frequency  of  an  oscillator  -  at  least  in  principle. 
Figure  14  shows  a  blow-up  of  the  second  harmonic  of 
the  case  of  Fig.  13;  Fig.  15  shows  the  fourth  har¬ 
monic,  and  Fig.  16  the  fourteenth  harmonic.  Com¬ 
pare  the  width  of  the  resonance  of  Fig.  16  with 
that  of  Fig.  17  showing  the  fifteenth  harmonic.  In 
general,  for  large  M,  the  frequency  of  response 
approaches  (M-1). 


When  the  resonator  of  Fig.  11  was  overcoated 
with  electrode  material  on  one  side  only,  the  mode 
spectrum  of  Fig.  18  was  produced.  The  second  har¬ 
monic  becomes  present  due  to  the  imbalance,  and  it 
is  sharp;  however,  it  is  also  very  weak.  Figure  19 
is  a  vertically  expanded  version;  it  has  a  strength 
of  only  about  8  dB  and  is  more  than  50  dB  below  the 
fundamental . 


Another  unsymmetrical  structure  that  leads  to 
even  harmonics  is  the  composite  resonator;  see  Ref¬ 
erence  16  for  additional  references.  This  struc¬ 
ture  is  shown  in  Fig.  20,  with  the  equivalent  net¬ 
work  given  in  Fig.  21.  Here  the  quartz  substrate 
must  be  represented  by  a  transmission  line  because 
of  its  thickness;  as  it  shrinks  in  size  the  sit¬ 
uation  of  Fig.  5  with  inductors  is  approached. 

Apart  from  producing  even  harmonics,  the  pre¬ 
sence  of  asymmetry  in  resonators  (due  to  unequal 
electrodes,  bevelling,  contouring,  etc.)  is  very 
probably  a  major  cause  of  "activity  dips",  or 
"bandbreaks". 17,18  These  are  illustrated  In  Fig, 
22,  which  is  taken  from  Reference  19.  Both  the 
frequency  versus  temperature  and  the  conductance 


Electrode  Influence 

Some  time  ago  the  effect  of  equal  electrode 
coatings  was  demonstrated  in  regard  to  frequency 
shift  and  change  of  the  frequency- temperature,  (f-T) 
curve  of  a  resonator.20”25  The  calculations  dealt 
only  with  the  influence  of  inertial  mass;  no  elastic 
properties  were  assumed  for  the  electrodes,  nor 
were  they  presumed  to  apply  any  stresses  to  the 
crystal.  This  was  done  so  that  the  inertial  in¬ 
fluence  of  the  electrode  could  be  compared  with 
elastic  and  stress  effects.  Results  from  the  one 
dimensional  theory  for  the  change  in  apparent  or¬ 
ientation  angle  are  given  in  Fig.  23  and  Fig.  24. 25 

Table  3  gives  apparent  orientation  angle  shifts 
as  function  of  mass  loading  and  harmonic  number  for 
an  AT  plate  having  the  following  parameters: 

f^)  =  5.0  MHz 
0a  =  14.  mm 
<j)  'e  =  6.  mm 

The  electrodes  are  of  evaporated  aluminum,  of 
equal  thickness  on  both  sides.  These  data  are  to 
be  compared  with  the  data  appearing  in  Table  10  of 
References  23  and  24  for  chromium  and  indium.  The 
comparison  is  given  in  graphical  form  for  all  three 
metals  plus  the  inertial  mass  theory  in  Fig.  25. 

It  is  seen  that  A1  and  In  have  slopes  that  agree 
with  theory,  but  are  displaced;  the  curves  for  Cr 
are  consistent  among  themselves,  but  differ  in  sign 
from  the  theory.  The  results  in  Fig.  25  indicate 
the  importance  of  electrode  material,  deposition 
method,  and  conditions  of  deposition  on  the  behav¬ 
ior  of  the  finished  resonator.  Figure  26  shows  the 
decrease  in  inflection  temperature  with  increasing 
mass  of  evaporated  aluminum,  for  resonators  with 
the  parameters  described  above. 

It  should  also  be  borne  in  mind  that  stresses 
in  the  electrodes  can  produce  activity  dips,  even 
when  the  electrodes  are  of  equal  mass.  Consequently, 
the  practice  of  furnishing  the  quartz  plate  with  a 
thin  layer  of  Mi  or  Cr  to  insure  adhesion  of  gold, 
e.g.,  ought  to  be  re-examined  in  view  of  the  stress 
levels  produced  by  these  metals,  both  instrinsically, 
and  as  a  function  of  temperature. 


X-Ray  Angle  Changes26 


The  angles  locating  the  X-ray  planes  in  a  cry¬ 
stal  are  functions  of  temperature  and  external 
stress.  For  example,  the  plane  at  38°  13 1  used  for 
orienting  AT  cuts  is  only  found  at  this  angle  at  a 
certain  temperature.  For  high  precision  applica¬ 
tions  the  angle  shift  with  temperature  is  not  neg¬ 
ligible.  We  give  an  approximate  calculation  to 
establish  the  order  of  magnitude  of  the  angle 
change. 
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Consider  a  rotated-Y-cut  plate  of  crystal  in 
the  rhombic,  tetragonal,  trigonal,  hexagonal,  or 
cubic  systems.  (These  have  no  off-diagonal  ther¬ 
moelastic  coefficients.)  At  temperature  T  the 
plate  angle  will  be  determined  from 

tan  e  =  (X2/X3).  (g) 

With  a  change  in  temperature  to  T+AT,  the  axes  be¬ 
come,  in  the  linear  approximation 

X2  =  X2  (1  +  a22  AT) 

X3  =  X3  (1  +  aSJ  AT) 

We  are  thus  led  to  a  relation  between  A6 
tan  A9  =  { (A-l )  tan  e  /  (1  +  A  tan2e)} 
where 

A  =  (1  +  a22  AT)/(1  +  a33  AT). 

Equations  (11)  and  (12)  are  used  to  calculate 
the  angle  changes  in  Table  4;  beyond  about  10 
kelvins  the  linear  approximation  is  not  accurate 
except  as  to  order  of  magnitude.  For  the  tetra¬ 
gonal,  trigonal  and  hexagonal  systems,  since 
“22  =  «n»  the  result  is  independent  of  angle  4. 

In  particular,  for  the  upper  zero  temperature  locus 
for  thickness  mode  plates  8  is  approximately  con¬ 
stant  and  the  result  holds  therefore  for  the  AT, 

FC,  IT,  and  SC  cuts.  The  relation  appearing  in 
Table  4,  viz-. , 


|  00) 
and  AT: 

(ID 

(12) 


A0  'v.  *s  (an-a33)  •  AT  •  sin  28  (13) 

is  obtained  from  equations  (11)  and  (12)  and  shows 
that  A8  depends  on  the  difference  between  otu  and 
a33  for  rotated-Y-cuts  (or  for  doubly  rotated  cuts 
when  a22  =  au).  For  the  cubic  system  this  dif¬ 
ference  is  zero,  so  A@  is  always  zero  in  this  sys¬ 
tem.  For  quartz,  the  effective  value  of  a  in  the 
thickness  direction  of  rotated-Y-cut  plates  is 
shown  in  Fig.  27.  For  the  Y  cut,  a  *  o22  “  «n» 
while  for  e=±90°  (Z  cut),  a  =  a33. 


Twinning 


lintwinned:  e26  =  (encos  8  +  e14  sine)  •  (-cose). 

(a)  Oauphine:  e26=(-en  cose  +  e14  sine)* (-cose). 

(b)  Brazil:  e26=(  en  cose  +  ei4  sine)* (+cose). 

(c)  Combined:  e26=(  en  cos8  -  ei4  sine)* (-cose). 

Consider  further  a  plate  of  unity  area,  with  a 
fraction'a’of  this  area  twinned.  For  simplicity, 
assume  the  twinning  is  complete  throughout  the 
thickness,  and  that  the  distribution  of  motion  is 
uniform  even  thowjh  twinned.  Then  the  composite 


e26 

should  be: 

(a) 

Dauphine: 

e26 

=  ((1 -2a)  e13 

cose  + 

eJ4  sine)  • 

(-cose). 

(b) 

Brazil: 

e26 

=  ((1  -2a)  eu 

cose  + 

(1 -2a)  sine) 

•  (-cose) 

(c) 

Comoined: 

e26 

=  (en  cose  + 

(1 -2a) 

ei4  sine)  • 

(-cose). 

In  the  case  of  Brazil 

twinning: 

e26  (twinned)  =  (1 -2a )  •  e26  (untwinned). (14) 

Equation  (14),  when  written  in  terms  of  the  reson¬ 
ator  capacitance  ratio  becomes: 

r  (twinned)  =  r  (untwinned)  /  (l-2a)2.  (15) 


Cosmic  Rays28'40 

Cosmic  rays,  and  other  unshieldable  radiation 
sources,  produce  cumulative  contributions  to  long 
term  aging.  Knowing  the  radiation  sensitivity  of 
natural  and  cultured  quartz  under  a  variety  of 
treatments  permits  an  evaluation  of  resonator  per¬ 
formance  due  to  this  source. 

The  raw  data  are  contained  in  Fig.  29  to  Fig. 
31. 28  Using  the  values  for  the  photon  flux  given 
and  a  number  of  simplifying  assumptions,  the  fre¬ 
quency  shift  due  to  this  source  is  given  in  Table  5 
for  two  values  of  quartz  sensitivity.  The  unit 
"rad"  is  defined  as 


The  types  of  twinning  that  may  occur  in  quartz 
are  shown  in  Fig.  28  along  with  the  changes  in  axes 
and  handedness.27  We  briefly  explore  the  effects 
of  twinning  on  the  piezoelectric  constants  of  cry¬ 
stals  in  Class  18. 

(a)  Dauphine:  Xj^— X3 ;  X2-*~X2;  v3-^+X3. 

eii**"en*  ei4'*+ei4* 

(b)  Brazil:  X^-X^,  X2++X2;  X3++X3. 

eir*~en’»  ei4+_ei<(  • 

(c)  Combined:  X1-»-*-X1 ;  X2-*~X2;  X3-*+X3. 

eir*+eii»  ei4‘*”ei4* 

Consider  e26,  the  piezoelectric  constant 
driving  the  pure  shear  mode  in  rotated-Y-cuts  of 
quartz: 


"The  standard  unit  of  absorbed  dose,  equal 
to  energy  absorption  of  100  ergs  per  gram 
(0.01  joule  per  kilogram):"36 

Similarly  for  neutrons,  the  assumptions  listed 
at  the  bottom  of  Table  6  lead  to  the  order-of -mag¬ 
nitude  figures  given  in  the  table  for  three  values 
of  altitude.  As  may  be  seen,  for  neutrons  the  es¬ 
timate  leads  one  to  conclude  that  resonators  in 
satellites  may  indeed  experience  non-negligible 
shifts  even  prescinding  from  the  conservative  as¬ 
sumption  of  total  energy  absorption. 
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Early  cultured  quartz. 


2.  Modern  cultured  quartz. 
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5.  Network  for  resonator  in  magnetic  field 
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Table  1.  Quartz  resonators  in  magnetic  fields. 
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Table  2a.  Ambient  acceleration  effects. 
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Table  2b.  Ambient  acceleration  effects  (cont.) 


NOTES: 
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Table  2c.  Notes  to  Table  2. 


7.  Seismic  noise  at  the  earth's  surface. 
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10.  Construction  for  crystal  frequencies. 
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13.  Impedance  versus  frequency  for  crystal  with 
electrode  imbalance. 
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18.  Experimental  mode  spectrum-electrode  imbalance. 


19.  Attenuation  scale  expansion  of  Fig.  18. 
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21.  Equivalent  network  of  composite  resonator. 


22.  Activity  dips  in  frequency-temperature  curves. 


HARMONIC  NUMBER 


MASS  10A0IN6  jx  — ► 

24.  Angle  shift  for  change  of  harmonic 


+9.4  Y+3.13y+2,6  X+2.1 

YY •  1 53/  \  0 * 5  /\ 

+1.73\("+ll37/\+1*2  /V1,68 
\(^-6.63\^-0.7  YYl.CttY^ 
+1 . 29X^  +1  •  2S/\ +1 •' 76'/\ 
Y-6.5Y-0.19Y  X 


_ 


+2.16X+2.25X'  +3.19 
><  -6.58  X+0.75 


I..  ..<S»s 


O  EVAFMAIEO  AllHHUN 
X  SNIIEIEO  CNMM 
A  SAUIHIEO  MOWN 
•  REIIIAl  NASS  ME 

meismu  mom 

l.J.S.0.  NAMOM  NOME! 


NASS  tOAMC  p  (PEICEIt) 


Angle  shift  for  various  electrode  materials. 


CHANGE  Of  CRYSTAL  PLATE  ORIENTATION 
ANGLE  WITH  TEMPERATURE 

Angie  ©  at  temeenatune  T 
Angle  6*iS  at  teheenatum  T+4T 
x<  &6  a  >s  <«-cy*AT»  siN  26 

AT-FC-IT-SC  CUTS  BT  CUT 

AT  (10  i  A6(sec.)  1  AT  (K)  A9(sec.) 

1  <Ti  I  1  -0,6 

3  1.8  3  -1,9 

10  6.1  10  -6. A 

30  18.2  30  -19.1 

100  60.6  100  -63.6 


Table  4.  Change  of  crystal  plate  orientation  angle 
with  temperature. 


Table  3.  Apparent  angle  shift  in  minutes  of  arc. 
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Table  5.  Frequency  shift  for  photons. 
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30.  Cosmic  rays  at  sea  level. 
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31.  Cosmic  ray  flux  at  3  and  10  km. 
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Table  6.  Frequency  shift  for  neutrons. 
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Abstract 


The  monolithic  crystal  filter  has  had  wide¬ 
spread  acceptance  since  its  conception  in  the 
sixties  even  though  it  has  one  serious  drawback- 
the  limit  of  the  ultimate  attenuation.  This  limit, 
usually  in  the  1*0  dB  range,  is  due  to  the  stray 
capacitance  between  the  input  and  output  elect¬ 
rodes  . 

This  paper  presents  a  new  configuration  for 
the  monolithic  crystal  filter  electrodes  which 
essentially  eliminates  the  capacitance  between  the 
input  and  output.  The  result  is  that  an  ultimate 
attenuation  of  60  to  80  dB  can  now  be  achieved 
with  a  single  2-pole  monolithic  crystal  filter. 

A  secondary  benefit  of  the  new  configura¬ 
tion  over  the  standard  monolithic  crystal  filter 
is  that  it  can  be  used  to  obtain  wider  bandwidths 
if  desired.  In  the  past,  limitation  on  the  max¬ 
imum  bandwidth  obtainable  with  standard  monolithic 
crystal  filters  has  caused  difficulties  for  spe¬ 
cial  purpose  requirements. 


I.  Introduction 

Filters  have  always  played  an  important  role 
in  electrical  engineering  and, in  particular, 
communications  .  We  have  seen  that  as  system  re¬ 
quirements  and  techniques  become  more  sophisticat¬ 
ed,  filter  requirements  become  more  stringent. 

This  is  especially  true  in  the  mobile  and  portable 
communication  field  where .with  the  large  and  ever 
increasing  number  of  radio  and  pager  users,  chan¬ 
nels  are  narrow  and  closely  spaced.  Even  though 
the  discrete  crystal  filter  with  its  unique  nar¬ 
row-band  selective  properties  was  able  to  fulfill 
the  system  requirements,  the  development  of  the 
monolithic  crystal  filter  was  a  significant  ad¬ 
vance  in  the  technology  of  selective  networks. 

This  is  due  to  the  fact  that  the  monolithic  crys¬ 
tal  filter  is  at  least  50?  smaller  than  the  dis¬ 
crete  crystal  filter  and  in  addition  is  more  eco¬ 
nomical.  The  result  is  that  the  monolithic  crys¬ 
tal  filter  is  now  almost  exclusively  used  instead 
of  its  discrete  counterpart. 

In  spite  of  all  its  excellent  attributes, 
the  monolithic  crystal,  filter  has  a  significant 
limitation.  This  limitation  is  the  degree  of  ul¬ 
timate  attenuation,  typically  about  ho  dB.  The 
monolithic  crystal  filter  is,  therefore,  a  selec¬ 


tive  device  which  has  excellent  close-in  selectiv¬ 
ity  but  mediocre  far-out  selectivity. 

Analysis  will  show  that  the  ultimate  filter 
attenuation  is  being  limited  by  capacitive  feed¬ 
through  from  input  to  output.  This  has  been  con¬ 
sidered  a  fundamental  limitation  for  2-pole  crys¬ 
tal  filters  since  ~ry  little  could  be  done  to 
improve  it. 

This  paper  describes  a  new  configuration  for 
the  monolithic  crystal  filter  electrodes  which 
essentially  eliminates  the  capacitive  coupling  from 
input  to  output.  The  result  is  that  the  ultimate 
attenuation  has  been  increased  to  between  60  and 
80  dB.  Furthermore ,  the  new  configuration  entails 
no  additional  cost.  An  additional  benefit  of  the 
new  configuration  is  that  the  bandwidth  can  be  in¬ 
creased,  if  desired,  for  such  requirements  as  data 
transmission. 

II.  Standard  Type  Structures 

A  standard  structure  for  a  2-pole  monolithic 
crystal  filter  is  shown  in  Figure  1.  The  structure 
consists  of  two  pairs  of  metallic  electrodes  (with 
their  associated  runners  for  connections)  deposit¬ 
ed  on  a  thin  piezoelectric  wafer  such  as  quartz. 

In  this  structure,  the  input  and  output  electrodes 
are  on  one  side  of  the  wafer  and  their  associated 
ground  electrodes  are  on  the  opposite  side.  The 
signal,  which  is  applied  to  the  input  electrode, 
is  acoustically  coupled  through  the  piezoelectric 
material  to  the  output  electrode. 

The  equivalent  electrical  circuit  for  this 
standard  configuration  is  shown  in  Figure  2.  The 
values  for  the  elements  of  this  equivalent  circuity 
which  represents  a  bandpass  filter,  are  determined 
by  the  physical  dimensions  of  the  piezoelectric 
wafer,  metallic  electrodes,  and  intrinsic  proper¬ 
ties  of  the  piezoelectric  material.  The  parallel 
(coupling)  inductor  principally  determines  the 
bandwidth  of  the  filter.  A  major  factor  in  deter¬ 
mining  the  value  of  this  inductor  is  the  distance 
(gap)  between  the  input  and  output  electrodes. 

This  distance  is  usually  very  small  (less  than 
.5  mm).  Due  to  the  fact  that  this  distance  is  so 
small,  there  is  capacitive  coupling  between  the 
input  and  output.  This  capacitance  is  shown  as 

C  in  Figures  1  and  2. 
g 
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The  capacitance,  C  ,  causeB  transmission 
zeros  to  occur  in  the  mSnolithic  filter  response 
as  shown  in  Figure  3.  These  transmission  zeros 
are  seen  experimentally  and  can  he  verified  with  a 
computer  analysis  program.  As  a  consequence  of 
the  transmission  zeros,  there  is  the  undesirable 
effect  of  flyback,  also  shown  in  Figure  3.  At 
frequencies  further  removed  from  fQ,  the  fly¬ 
back  returns  to  what  is  commonly  referred  to  as 
the  ultimate  attenuation  of  the  filter.  At  this 
point,  the  piezoelectric  crystal  has  very  little 
effect  and  the  signal  is  merely  coupling  through 
the  capacitance  C  .  Ultimate  attenuation  is 
usually  in  the  408dB  range,  with  the  capacitance, 
Cg,  in  the  10  fF  range. 

In  the  past,  the  1*0  dB  level  of  ultimate 
attenuation  has  been  considered  an  inherent  prob¬ 
lem  due  to  the  fact  that  the  crystal  electrodes 
must  be  in  close  proximity  for  proper  operation. 
The  only  solution  to  the  problem  was  to  use  the 
"brute  force"  method  of  cascading  two  sections. 
Cascaded  filters  improve  the  ultimate  attenua¬ 
tion,  but  the  l*-pole  response  which  results  is 
often  an  overdesign.  That  is,  often  only  a  2- 
pole  response  with  good  ultimate  attenuation  is 
needed.  The  result  of  the  cascaded  approach  is 
that  cost  and  size  is  doubled. 

An  alternate  configuration  has  previosly  been 
reported1  which  reverses  the  output  and  ground 
electrodes  as  shown  in  Figure  1*.  This  configura¬ 
tion  has  the  effect  of  producing  a  l80°  shift  in 
the  response  as  compared  to  the  configuration 
shown  in  Figure  1.  The  equivalent  circuit  for 
the  "reversed  ground"  structure  has  to  be  modi¬ 
fied  from  that  used  for  the  structure  in  Figure  1, 
in  order  to  accommodate  the  180°  phase  shift.  The 
modification  is  shown  in  Figure  5  where  the  coupl¬ 
ing  element  has  been  changed  from  an  inductor  to 
a  capacitor.  This  change  eliminates  the  trans¬ 
mission  zeros  and  associated  flyback  as  can  be 
shown  by  analysis. 

The  alternate  "reversed  ground"  structure, 
however,  still  suffers  from  the  problem  of  stray 
capacity  between  the  input  and  output  electrodes, 
as  shown  by  the  flux  lines  through  the  quartz  in 
Figure  4.  Even  though  the  transmission  zeros 
have  been  eliminated  ultimate  attenuation, as 
shown  in  Figure  6,  remains  in  the  40  dB  range. 

In  other  words,  the  capacitance  between  the  input 
and  output  electrodes  through  the  quartz  is  still 
in  the  10  fF  range.  For  every  6.0  dB  improvement 
in  the  ultimate  attenuation,  the  stray  capacitance 
must  be  reduced  by  50?.  In  order  to  increase  the 
ultimate  attenuation  significantly,  the  stray 
capacitance  must  be  substantially  reduced. 

III.  Overlapping  Ground  Configuration 

The  capacitance  from  input  to  output  can  be 
reduced  by  using  a  Faraday  shield.  This  can  be 
accomplished  by  starting  with  the  configuration 
shown  in  Figure  1*  and  extending  the  two  ground 
electrodes  into  the  gap  area  as  shown  in  Figure  7a. 
This  technique  can  be  continued  by  extending  the 
two  ground  electrodes  further  into  the  gap  area 


so  that  they  overlap  as  shown  in  Figure  7b.  By 
comparing  the  flux  lines  in  Figure  7b  with  those  in 
Figures  4  and  7a,  it  is  possible  to  see  qualita¬ 
tively  how  the  capacitance  between  the  input  and 
output  is  progressively  reduced.  The  ground  elec¬ 
trodes,  in  addition  to  being  extended  into  the  gap 
can  be  extended  in  the  lateral  direction  as  shown 
in  Figure  8.  This  provides  additional  shielding, 
also  improving  the  ultimate  attenuation. 

There  is  an  additional  benefit  of  extending 
the  ground  electrodes  into  the  gap  area.  This  add¬ 
ed  benefit  is  that  by  only  extending  the  ground 
electrodes  into  the  gap  while  keeping  all  other 
parameters  constant  increases  the  acoustic  coupling 
and  consequently  filter  bandwidth  by  as  much  as 
50?.  .  In  a  conventional  monolithic  crystal  filter, 
the  acoustic  coupling  decreases  as  the  mass  loading 
due  to  the  electrodes  increases.  That  is,  the 
acoustic  coupling  decreases  as  the  difference  be¬ 
tween  the  frequency  in  the  unplated  area  (gap)  and 
the  frequency  in  the  plated  area  (electrodes)  in¬ 
creases.  When  the  ground  electrodes  are  extended 
into  the  gap,  the  difference  between  the  frequency 
in  the  gap  area  and  the  frequency  in  the  electrod- 
ed  area  decreases  so  that  the  acoustic  coupling  in¬ 
creases.  This  increased  acoustic  coupling  then 
provides  the  increased  bandwidth. 

A  decrease  in  bandwidth  could  easily  be  accom¬ 
plished  by  simply  increasing  the  gap.  This,  in 
turn,  further  decreases  the  capacitance  between 
the  input  and  output  electrodes,  which  helps  im¬ 
prove  the  ultimate  attenuation. 

A  significant  point  which  must  be  emphasized 
is  that  the  cost  of  a  monolithic  crystal  filter 
with  the  overlapping  ground  should  be  the  same  as 
a  standard  monolithic  crystal  filter. 

IV.  Experimental  Results 

Numerous  monolithic  crystal  filters  with  a 
center  frequency  of  1*5.0  MHz  and  bandvidths  from 
12.0  to  24.0  KHz  have  been  made  using  the  over¬ 
lapping  ground  configuration  or  other  variations 
described.  The  bandwidth  of  24.0  KHz  was  not  the 
maximum  that  could  be  obtained  but  only  that  ob¬ 
served  using  a  configuration  which  would  normally 
give  a  bandwidth  of  about  16.0  KHz  without  the 
overlapping  grounds.  An  ultimate  attenuation  of 
60  dB  is  relatively  easy  to  obtain.  When  the 
monolithic  crystal  filter  is  measured  in  a  well 
shielded  fixture,  the  ultimate  attenuation  is  close 
to  80  dB.  The  measured  attenuation  of  such  a  fil¬ 
ter  in  an  HC-18  housing  with  a  3  dB  bandwidth  of 
18.0  KHz  is  shown  in  Figure  9.  The  insertion  loss 
is  1.0  dB.  The  40  dB  improvement  in  the  ultimate 
attenuation  to  close  to  80  dB  means  that  the 
capacitance  between  the  input  and  output  elec¬ 
trodes  has  been  reduced  from  the  10  fF  range  to 
the  .1  fF  range. 

Other  monolithic  crystal  filters  at  17.9  MHz 
have  been  made  using  the  overlapping  ground  con¬ 
figuration  with  results  the  same  as  for  the  units 
at  45.0  MHz  including  an  ultimate  attenuation  of 
75  to  80  dB. 
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V.  Conclusion 


A  new  configuration  for  the  monolithic  crystal 
filter  has  been  described  which  in  addition  to 
reversing  the  output  pair  of  electrodes,  extends 
the  two  ground  electrodes  into  the  gap  so  that 
they  overlap.  The  ground  electrodes  provide 
a  Faraday  shield  between  the  input  and  output 
electrodes  in  order  to  reduce  the  stray  capaci¬ 
tive  coupling  and  thus  increase  the  ultimate 
attenuation  from  the  40  dB  range  to  the  70- 
80  dB  range.  A  secondary  benefit  of  the  over¬ 
lapping  ground  configuration  is  that  wider  band¬ 
width  filters  can  now  be  obtained  if  desired. 
Monolithic  crystal  filters  at  17-9  and  45.0  MHz 
have  been  constructed  vising  the  new  configura¬ 
tion  with  equally  good  results.  The  measured 
attenuation  of  a  45.0  MHz  filter  was  shown. 

One  of  the  most  significant  points  of  this  new 
configuration  is  that  it  can  be  accomplished 
with  no  additional  fabrication  costs. 
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Abstract 


Basic  Concepts 


A  small  temperature  controlled  quartz 
oscillator  having  fast  warmup  and  low 
power  consumption  has  been  developed  using 
microelectronic  packaging  and  vacuum  in¬ 
sulating  methods.  In  this  paper  the  basic 
concepts,  component  characteristics,  and 
circuit  details  are  discussed.  A  simple 
model  which  describes  the  dynamic  behavior 
of  the  quartz  resonator  and  its  thermal 
control  system  is  also  developed.  The 
effects  of  component  aging  and  circuit 
noise  on  the  stability  of  the  oscillator 
are  evaluated,  and  a  method  of  tuning  the 
oscillator  to  final  frequency  is  given. 


Introduction 


The  Tactical  Miniature  Crystal  Oscil¬ 
lator  (TMXO )  is  a  precision  quartz  oscil¬ 
lator  designed  for  applications  which  re¬ 
quire  small  size,  fast  warmup,  and  low 
power  consumption.  In  order  to  achieve 
these  characteristics,  new  methods  have 
been  developed  for  thermal  insulation, 
thermal  control,  and  electronics  pack¬ 
aging.  In  some  cases,  the  introduction  of 
these  new  techniques  has  resulted  in  a 
departure  from  established  design  practice 
for  precision  quartz  oscillators.  To 
effectively  utilize  these  techniques,  it 
has  been  necessary  to  obtain  a  higher 
level  of  performance  from  components  and 
circuits  than  was  previously  required. 
The  objective  of  this  paper  is  to  briefly 
describe  the  major  technical  features  of 
the  design,  and  to  discuss  a  few  of  the 
more  interesting  problems  and  results 
which  are  unique  to  this  approach. 


This  work  is  supported  by  USAERADCOM, 
Contract  No,  DAAB07-78-C-2990. 


The  most  significant  characteristic 
of  the  TMXO  that  differentiates  it  from 
more  conventional  oscillator  designs  is 
its  mechanical  construction.  A  key  ele¬ 
ment  in  this  construction  is  the  use  of 
hybrid  microelectronic  techniques.  The 
electronics  assembly  is  very  small  and 
tightly  coupled  mechanically  and  thermal¬ 
ly.  The  small  size  and  low  mass  makes  it 
feasible  to  use  a  novel  support  and  ther¬ 
mal  isolation  method  which  results  in  low 
power  consumption  in  the  thermal  control 
elements. 


A  simplified  sketch  of  the  mechanical 
configuration  of  the  TTIXO  is  shown  in 
figure  1.  The  electronics  assembly  con¬ 
sisting  of  two  hybrid  substrates  and  the 


Figure  1.  simplified  Mechanical 
Configuration  of  TMXO 

crystal  resonator  is  suspended  by  leads 
from  the  header  of  a  hermetically  sealed 
inner  container.  The  inner  container  is 
in  turn  supported  by  a  system  of  wires 
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(which  also  provide  electrical  connec¬ 
tions)  that  £eed  through  the  header  of  the 
outer  container.  The  outer  container  is 
also  hermetically  sealed  and  the  space  be¬ 
tween  the  containers  is  evacuated.  Remov¬ 
al  of  the  gas  between  the  inner  and  outer 
enclosures  eliminates  heat  transfer  due  to 
gas  conduction  and  convection  and  leaves 
only  conduction  through  the  wires  and 
radiation  as  thermal  coupling  mechanisms 
between  the  inner  container  and  the 
outside  environment. 

One  of  the  hybrid  substrates  making 
up  the  electronics  assembly  contains  the 
thermal  control  and  voltage  regulator 
circuits.  The  second  substrate  contains 
the  oscillator,  AGC,  and  buffer  amplifier 
circuits.  A  photograph  of  the  two  cir¬ 
cuits  is  shown  in  figure  2. 


/ 


/  »  / 

/  / 


/ 

'  / 
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Figure  2.  Electronic  Assembly  Substrates 


The  quartz  resonator  is  contained  in 
a  ceramic  flatpack  enclosure  similar  to 
that  proposed  by  Vig  and  Hafnerl  which  is 
presently  being  developed  by  the  Army. 
This  packaging  technique  has  demonstrated 
a  significantly  lower  aging  rate  and  less 
sensitivity  to  thermal  cycling  than  stan¬ 
dard  crystal  packages.  The  shape  of  this 
package  is  also  very  compatible  with  hy¬ 
brid  microelectronic  techniques.  *.e  two 
flat  sides  of  the  flatpack  are  metalized 
so  that  the  crystal  can  be  bonded  to  the 
two  substrates  by  soldering.  This  type  of 
bonding  is  used  to  improve  the  thermal 
coupling  between  the  crystal  package  and 
the  heater  elements  attached  to  each  sub¬ 
strate. 

Quartz  Resonator 

The  ceramic  flatpack  crystal  resona¬ 
tor  has  been  described  previously. 2-4  The 
discussion  here  will  be  limited  to  those 
characteristics  of  the  resonator  which 
impact  on  the  design  or  performance  of  the 
TMXO.  It  should  be  pointed  out  that  the 
flatpack  resonators  which  have  been  evalu¬ 
ated  for  use  in  the  TMXO  were  produced 
during  the  initial  phases  of  the  program 
and  supplied  essentially  in  an  untested 
condition.  Therefore,  the  results  report¬ 
ed  here  should  be  taken  as  preliminary. 

The  ceramic  flatpack  crystal  unit  is 
not  limited  to  any  particular  mode  of  vi¬ 
bration  or  cut  of  quartz  plate,  however, 
the  TMXO  development  has  been  mostly  con¬ 
cerned  with  fundamental  AT  cut  resonators. 
Frequencies  have  been  limited  for  the  most 
part  to  the  GPS  frequency  of  5.115  MHz 
although  a  few  10  MHz  third  overtone  units 
have  been  evaluated.  The  fundamental  mode 
resonator  is  attractive  for  TMXO  applica¬ 
tion  because  of  its  smaller  size,  lower 
thermal  capacity,  and  faster  warmup. 

Since  the  development  of  the  ultra- 
precise  5th  overtone  resonator5  there  has 
been  little  precedent  for  the  use  of  fund¬ 
amental  mode  resonators  in  precision  osci¬ 
llators.  Because  of  this,  little  design 
guidance  has  been  available  relative  to 
such  questions  as  optimum  crystal  current, 
attainable  levels  of  short  term  stability, 
aging  rate  limitations,  etc.  In  order  to 
optimize  the  design  of  the  TMXO,  an  at¬ 
tempt  has  been  made  to  answer  some  of 
these  questions. 

Short  Term  Stability 

The  design  goal  for  short  term  sta¬ 
bility  (Allen  variance)  of  the  TMXO  is 
1  x  10-H  for  a  one  second  averaging  time. 
The  short  term  stability  of  the  first  TMXO 
crystal  units  evaluated  ranged  from  parts 
in  10l°  to  parts  in  10l2.  This  rather 
substantial  variation  in  short  term  sta¬ 
bility  from  unit  to  unit  seemed  to  suggest 
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that  fundamental  mode  units  are  not  inher¬ 
ently  noisy,  but  that  the  noisy  perfor¬ 
mance  must  be  due  to  other  factors  such  as 
construction  or  processing. 

In  order  to  further  confirm  this,  an 
arrangement  was  made  with  Bliley  Electric 
Company  to  design  and  fabricate  a  5  MHz 
fundamental  mode  resonator  using  basically 
the  same  construction  and  processing 
techniques  used  in  their  precision  5th 
overtone  unit.  The  short  term  stability 
measurements  (Allen  variance)  for  the 
Bliley  unit  were  as  follows: 
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Figure  3.  Initial  Aging  for  TMXO  Crystals 
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The  equivalent  electrical  parameters  for 
the  resonator  were: 

Cj  «  9  x  10“15  Fd 

r  »  2  ohms 

Q  «  1.75  x  106 


For  the  Allen  variance  measurements  the 
drive  level  was  adjusted  to  0.5mA. 

The  values  shown  for  Allen  variance 
are  approaching  the  limits  of  the  measure¬ 
ment  equipment  used  and,  therefore,  the 
actual  performance  of  the  crystal  unit  may 
be  somewhat  better  than  indicated.  In  any 
case,  the  results  tend  to  indicate  that  a 
fundamental  resonator  is  capable  of  quite 
respectable  short  term  stability. 


Frequency  vs.  Drive  Level 

The  frequency  vs.  drive  current  for 
the  5.115  MHz  WXO  crystals  is  shown  in 
figure  4.  Except  for  the  slight  minimum 
at  100uA,  the  curve  is  similar  to  that 
previously  reported  for  5th  overtone 
units.  At  higher  current  levels  the 
change  in  frequency  is  .proportional  to  the 
square  of  the  drive  current  as  expected. 
Although  the  curve  was  corrected  for  the 
amplitude/phase  characteristic  of  the 
oscillator  circuit,  it  is  possible  that 
the  minimum  is  due  to  experimental  error. 


The  yield  of  ceramic  flatpack  reson¬ 
ators  having  acceptable  short  term  stabil¬ 
ity  is  tending  to  improve  as  more  units 
are  fabricated  and  the  design  is  refined. 


Initial  Aging 

The  ceramic  flatpack  enclosure  seems 
to  provide  a  substantial  improvement  in 
the  initial  aging  characteristic  of  the 
resonator  compared  to  other  packaging 
techniques.  A  curve  of  frequency  vs.  time 
for  a  typical  new  resonator  is  shown  in 
figure  3.  After  approximately  one  week, 
the  aging  rate  has  decreased  to  about  2  x 
10“10/day  and  the  better  units  will  even¬ 
tually  reach  1  x  10“10/day. 


Figure  4.  Crystal  Frequency  Vs. 
Drive  Current 


Warmup- Time 

A  curve  of  frequency  vs.  time  after 
starting  from  room  temperature  for  the 
TMXO  electronics  assembly  containing  a 
5.115  MHz  fundamental  resonator  is  shown 
in  figure  5.  When  power  is  first  applied, 
the  thermal  controller  delivers  full  power 
and  the  temperature  of  the  entire  assembly 
increases  at  a  rate  of  1.5°K/sec.  At  ap¬ 
proximately  42  seconds,  the  thermal  sensor 
has  reached  its  steady  state  value  and  the 
rate  of  change  of  temperature  drops 
abruptly.  Immediately  following  this,  the 
frequency  reaches  its  minimum  value  and 
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FRACTIONAL  FREQ.  DEVIATION 


SECONDS 


Figure  5.  Warmup  Curve  for  TMXO 
Electronics  Assembly 

starts  to  approach  its  final  value  at  a 
rate  of  approximately  one  decade  every 
twenty-five  seconds.  This  exponential 
decay  is  characteristic  of  a  single  time 
constant  system  with  the  time  constant 
equal  to  approximately  eleven  seconds. 
This  time  constant  is  determined  primarily 
by  the  thermal  capacity  of  the  resonator 
and  the  thermal  resistance  between  the 
resonator  and  package.  For  the  flatpack 
package,  the  thermal  path  is  primarily 
through  the  supports. 


Temperature  Retrace 


An  important  crystal  characteristic 
which  has  limited  the  performance  of 
temperature  controlled  and  temperature 
compensated  crystal  oscillators  in  the 
past  is  the  shift  in  resonant  frequency 
which  results  from  temperature  cycling. 
Initial  testing  of  ceramic  flatpack 
crystals  with  respect  to  the  effects  of 
temperaturre  cycling  have  been  quite 
encouraging.  The  frequency  shift  result¬ 
ing  from  temperature  cycling  between  -40°C 
and  the  UTPq  for  five  cycles  has  ranged 
from  2  x  10  to  5  x  10'10. 


TMXO  Crystal  Characteristics 


A  summary  of  the  equivalent  electri¬ 
cal  parameters  of  the  TMXO  crystal  units 
is  given  in  the  following  listing.  The 
values  given  are  representative  of  the 
latest  5.115  MHz  fundamental  mode  resona¬ 
tors  evaluated. 


r  =3.2  ohms 
C1  =  1.1  x  10-14  Fd 

CQ  =  4  x  10-12  Fd 

Q  =  900K* 

UTP  =  90  to  100°C 

Af/f  <.  1  x  10-11  for  1  sec 

Frequency  Plating  Tolerance  =  +5ppm 


Thermal  Control 

Unlike  other  temperature  controlled 
oscillators,  the  TMXO  does  not  have  an 
isothermal  enclosure  surrounding  the 
crystal.  Instead,  the  crystal  package  is 
heated  directly  by  heat  spreaders  attached 
to  each  of  the  flat  surfaces.  This  direct 
heating  is  necessary  for  fast  warmup,  and 
it  is  also  convenient  in  minimizing  the 
size  of  the  electronics  assembly.'  Direct 
heating,  however,  must  be  used  with  con¬ 
siderable  care  to  avoid  some  very  serious 
frequency  stability  problems. 

One  problem  area  is  the  potential  for 
degradation  of  the  short  term  stability  of 
the  oscillator  by  the  effects  of  noise  in 
the  thermal  control  electronics.  Since 
the  quartz  resonator  is  very  sensitive  to 
dynamic  perturbations  in  the  temperature, 
the  stability  of  the  oscillator  is  easily 
degraded  by  relatively  small  amounts  of 
thermal  noise.  These  effects  are  exagger¬ 
ated  in  the  TMXO  because  of  its  low  ther¬ 
mal  capacity  and  short  thermal  time 
constant  which  minimize  the  benefits  of 
thermal  integration  found  in  more 
conventional  oven  controlled  oscillators. 
Therefore;  low  frequency  components  of 
thermal  noise  are  transmitted  without 
attenuation  to  the  resonator. 

It  was  pointed  out  above  that  the 
warmup  behavior  of  the  crystal  approxi¬ 
mated  that  of  a  single  time  constant 
system.  This  suggests  the  possibility  of 
modeling  the  dynamic  frequency/temperature 
behavior  of  the  crystal  as  a  simple  RC 
notework.  Such  a  model  would  allow  the 
dynamic  temperature  response  of  the  crys¬ 
tal  to  be  analyzed  using  elementary  cir¬ 
cuit  theory.  The  most  obvious  starting 
point  would  be  a  single  section  high  pass 
filter  which  has  the  transfer  function: 


Gr(s) 


Cs 

1  +  RCs 


(1) 


where  Gr(s)  is  the  thermal  transfer  func¬ 
tion  of  the  resonator,  and  R  and  C  are 
constants  to  be  determined.* 


We  have  seen  from  the  warmup  curve 
that  the  resonator  recovers  from  a  temper¬ 
ature  step  with  a  time  constant  of  eleven 
seconds.  We  can  therefore  equate  the 
product  of  R  and  C  to  eleven  seconds. 


Examining  (1)  we  see  that  if  the 
driving  function  were  a  linear  ramp  in 


*No  attempt  is  made  to  relate  these  con¬ 
stants  to  any  physical  characteristics  of 
the  resonator  such  as  thermal  capacity  or 
thermal  resistance.  Use  of  the  symbols  R 
and  C  is  merely  to  suggest  an  electronic 
analogy. 
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temperature,  the  response  function  would 
not  contain  a  zero  at  the  origin.  Thus, 


Uf/f]  T(s)  =  -f- 


Cs  _  ac  (2\ 
1  +  RCs  1  +  RCs 


where  [Af/fJT(s)  is  the  response  function 
of  the  resonator  to  a  linear  ramp,  and  a 
is  the  amplitude  of  the  ramp  in  °K  sec.  If 
we  now  evaluate  (2)  at  s  =  0  (effectively 
neglecting  the  initial  transient)  we 
obtain: 

t  Af/ f  ]  T  =  ac  (3) 


where  [  Af/f  ]  T  is  the  steady  state  frac¬ 
tional  frequency  deviation  or  offset  from 
the  static  frequency/temperature  charac¬ 
teristic  which  results  from  a  ramp  in 
temperature.  This  quantity  can  be  meas¬ 
ured  directly  and  for  the  TMXO  crystals  in 
the  neighborhood  of  the  UPT  is  equal  to  2 
x  1 0-5/ °K/sec .  Having  thus  determined  a 
value  for  the  constant  C  we  may  now  write 
( 1 )  as  : 


G_ (s)  =  2  X  10  s 

1  +  11s 


1.8  X  10-6s 
s  +  .090 


(4) 


A  block  diagram  of  the  composite 
thermal  controller  and  resonator  model  is 
shown  in  figure  6.  The  total  system 
transfer  function  is  seen  to  be  the  pro¬ 
duct  of  thermal  controller  transfer  func¬ 
tion  and  the  crystal  transfer  function. 
The  constant  K  in  the  thermal  controller 
transfer  function  can  either  be  calculated 
or  measured  and  for  the  TMXO  is  equal  to 
.2  sec  “1.  With  all  the  system  constants 
now  determined,  the  system  transfer  func¬ 
tion  G (s)  may  be  written  as: 


G(s) 


3.6  X  10~7s 
(s  +  .20)  (s  +  .090) 


(5) 


The  actual  measured  response  of  the 
system  with  a  2mV  sine  wave  excitation  is 
shown  in  figure  7.  There  appears  to  be 
good  agreement  between  the  measured 
response  and  that  predicted  by  (5). 
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Figure  6.  System  Model  Thermal  Controller 
and  Resonator 


The  preceding  description  of  the 
dynamic  frequency/temperature  behavior  of 
the  quartz  resonator  has  assumed  that  the 
amplitude  of  the  temperature  changes  in¬ 
volved  are  small.  If  this  were  not  the 
case,  a  complete  description  including  the 
static  temperature  characteristic  would  be 
necessary.  Although  this  could  be  done  by 
superimposing  the  static  and  dynamic  re¬ 
sponses,  such  a  description  would  not  be 
necessary  in  most  temperature  controlled 
applications . 


Figure  7.  Frequency  Response  of  Thermal 
Controller  and  Resonator 


Having  derived  a  satisfactory  system 
model  of  the  thermal  controller  and  reson¬ 
ator,  it  is  now  possible  to  evaluate  the 
effects  of  arbitrary  perturbations  such  as 
that  generated  by  noisy  electronics.  For¬ 
tunately,  in  the  case  of  the  TMXO,  the 
system  response  is  sufficiently  narrow 
that  the  noise  power  density  can  be  con¬ 
sidered  uniform  in  the  neighborhood  of  the 
response  peak.  The  fractional  frequency 
deviation  then  is  simply  the  product  of 
the  noise  density,  square  root  of  the 
response  bandwidth,  the  response  amplitude 
at  the  peak,  and  the  thermal  sensor  gain 
constant.  Carrying  out  these  calculations 
and  assuming  the  noise  density  to  be  only 
due  to  thermal  noise  in  the  thermistor 
bridge  (no  excess  noise) ,  we  obtain  a 
value  of  Af/f  =  1  x  10  “I3. 

If  we  require  that  there  be  no  sig¬ 
nificant  degradation  in  short  term  sta¬ 
bility  due  to  noise  in  the  electronics, 
the  effects  of.  ±his  noise  should  be  kept 
below  2  x  10-  .  This  implies  that  the 

noise  figure  of  the  system  should  be  less 
than  26  dB  at  the  frequency  of  maximum 
response  (.14  rad/sec).  Since  1/f  noise 
is  always  a  problem  in  this  frequency 
region,  careful  attention  must  be  paid  to 
obtaining  good  noise  performance  in  the 
thermistor  bridge  and  amplifier  circuits. 
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Figure  8.  Thermal  Control  Unit 

A  schematic  diagram  of  the  thermal 
control  circuit  is  shown  in  figure  8.  The 
circuit  consists  of  a  thermistor  bridge , 
voltage  amplifier ,  and  a  power  transistor 
used  as  a  heater.  The  power  transistor  is 
actually  two  transistors,  i.e.,  one  for 
each  substrate.  In  order  to  minimize  the 
noise  of  the  circuit,  thin  film  resistors 
have  been  used  in  the  thermistor  bridge, 
and  low  noise  FET  transistors  Q2  and  Q3 
have  been  included  between  the  bridge 
circuit  and  operational  amplifier  U2  to 
minimize  the  effects  of  current  noise  in 
the  input  of  U2. 

Oscillator  Circuit 

A  schematic  diagram  of  the  oscillator 
circuit  is  shown  in  figure  9.  The  reson¬ 
ator  is  used  in  the  parallel  mode  in  a 
circuit  configuration  sometimes  referred 
to  as  a  modified  Colpitts.  Bias  current 


for  the  oscillator  transistor  Q1  is  sup¬ 
plied  by  transistor  current  source  Q2 
which  is  in  turn  controlled  .by  the  AGC 
detector.  The  nominal  DC  bias  current  in 
Q1  is  150  microamperes  and  the  AGC  gain  is 
adjusted  so  that  the  nominal  crystal 
current  is  200  microamperes. 

The  output  signal  is  taken  from  the 
emitter  of  Q1  and  applied  to  buffer  ampli¬ 
fier  Q4.  The  output  of  Q4  is  applied  in 
parallel  to  the  input  of  two  identical 
amplifier  stages;  one  of  which  drives  the 
AGC  detector  and  the  other  provides  the 
final  output. 

The  major  considerations  in  the  de¬ 
sign  of  the  oscillator  circuit  were 
minimization  of  the  number  of  components, 
component  size,  and  power  consumption. 
The  restriction  on  component  size  vir¬ 
tually  eliminates  the  use  of  inductors  for 
purposes  such  as  the  tuning  of  amplifier 
stages.  The  buffer  amplifier  stages  are, 
therefore,  designed  to  minimize  parasitic 
capacity  and  Hiller  effects  so  that  the 
useful  frequency  range  of  the  circuit  can 
be  extended  to  10  HHz  while  maintaining 
low  bias  currents  in  the  transistor 
stages. 

Tuning  Procedures 

Since  there  are  no  mechanically  vari¬ 
able  capacitors  in  the  oscillator  circuit, 
the  circuit  must  be  tuned  before  final 
assembly.  To  accomplish  this,  each  crys¬ 
tal  is  placed  in  a  special  test  oscillator 
wnere  its  required  loading  capacity  is  de~ 
termined  very  accurately  using  a  cali¬ 
brated  varactor.  After  determination  of 
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the  loading  capacity,  a  selection  of  two 
fixed  capacitors  is  made  so  that  the  total 
capacity  is  within  3  pf  of  the  required 
value.  To  complete  the  tuning  procedure, 
the  assembled  oscillator  substrate  and 
crystal  are  placed  in  a  test  oven  where 
the  frequency  error  is  determined.  The 
final  adjustment  of  loading  capacity  is 
then  made  by  selecting  a  "tap"  on  a 
special  porcelain  trimmer  capacitor  de¬ 
signed  for  this  purpose.  The  accuracy  of 
the  final  selection  is  within  0.25  pf  which 
corresponds  to  a  frequency  error  of  1  x 
10-7.  This  residual  error  is  within  the 
range  of  the  external  voltage  control 
input  which  is  +2  x  10 

Successfully  determining  the  required 
loading  capacity  for  the  crystal  requires 
that  the  test  oscillator  be  as  near  as 
possible  to  the  UTP  temperature.  Finding 
the  turn  point  through  a  sequential  series 
of  adjustments  on  the  test  oven  control 
can  be  quite  time  consuming  because  of  the 
time  necessary  for  the  system  to  reach 
equilibrium  after  each  adjustment.  A 
method  of  sweeping  the  temperature  has 
been  developed  which  speeds  up  this  pro¬ 
cess  and  gives  good  accuracy.  The  method 
is  illustrated  graphically  in  Figure  10. 
The  temperature  is  first  swept  from  low  to 
high  over  a  range  of  20°K  centered  about 

the  nominal  value  of  the  turn  point  tem¬ 
perature.  As  the  temperature  is  swept, 
several  readings  of  frequency  and  the  oven 
monitoring  thermistor  resistance  are  re¬ 
corded.  The  temperature  slope  for  this 
sweep  is  5  m°K/sec.  This  procedure  is 
then  repeated  with  sweep  going  from  high 
to  low. 

A  quadradic  curve  is  then  fit  to  the 
data  from  the  positive  and  negative  sweeps 
individually  using  a  least  squares  approx- 


Figure  10.  Crystal  Turn  Temperature 
Determination 


imation.  The  minimum  of  each  curve  is 
then  found  by  differentiation.  The  aver¬ 
age  value  of  the  temperature  at  each  mini¬ 
mum  is  then  taken  as  the  first  estimate  of 
the  UTP  temperature.  After  making  this 
initial  estimate,  the  entire  process  is 
repeated  with  the  sweep  range  and  rate 
reduced  by  a  factor  of  ten.  The  error 
resulting  from  the  application  of  this 
method  is  less  than  20  m°K. 

Component  Evaluation 

The  reactive  elements  in  the  reson¬ 
ator  circuit  used  for  tuning  and  phase 
inversion  can  seriously  degrade  the  aging 
rate  of  the  oscillator  unless  these  com¬ 
ponents  have  excellent  stability.  The 
nominal  value  of  loading  capacity  (100  pf) 
for  the  5.115  MHz  crystal  will  "pull"  the 
frequency  high  by  approximately  250  Hz. 
Therefore,  if  the  aging  rate  of  the  load¬ 
ing  capacitance  were  equal  to  2  x  10“ 6/ 
day,  the  effect  on  oscillator  aging  due  to 
loading  capacitor  drift  would  be  1  x  10~10 
/day.  This  strongly  • suggests  that  the 
frequency  plating  tolerance  should  be 
improved  to  minimize  the  amount  of  pulling 
required,  and  that  the  components  in  the 
resonator  circuit  be  as  stable  as  possi¬ 
ble.  The  following  listing  shows  aging 
rates  measured  for  capacitors  with  various 
dielectric  materials,  and  the  aging  rate 
tor  a  2  microhenry  toroid  wound  on  a 
phenolic'  form  with  outside  diameter  equal 
to  0.12  inches.  The  data  for  the  ceramic 
capacitor  shown  in  the  listing  refers  to 
an  NPO  type  from  one  supplier.  No  other 
ceramic  capacitors  evaluated  have  demon¬ 
strated  this  stability. 


Figure  11.  Voltage  Regulator  Circuit 
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Summary 

Type  BVA  quartz  crystal  resonators  are 
developed  at  the  Ecole  Nationale 

Superieure  de  Mechanique  et  des  Microtechniques 
in  Besancon,  France,  and  industrialized  by  „ 
Oscilloquartz  S.A.  in  Neuchatel,  Switzerland’. 

Such  resonators  have  led  to  quartz  crystal 
oscillators  with  improved  long  term  behaviour. 

As  higher  drive  levels  are  allowed,  better  short 
term  stability  also  ensues-’*  . 

Experimental  results  have  been  obtained  with 
three  different  oscillators  and  confirm  the 
soundness  of  a  frequency  drift  model,  where  aging 
is  a  non-monotonic  function  of  resonator  drive 
level.  Results  for  5MHz,  3rd  and  5th  overtone 
resonators  are  discussed. 

To  take  full  advantage  of  the  BVA  resonators, 
a  new  oscillator  has  been  developed  at  OSA.  The 
first  results  3how  good  agreement  between  open 
loop  measurements  and  the  oscillator  phase  noise. 


Introduction 

First,  som-!  data  concerning  a  very  low  cost 
test  oscillator  are  presented.  The  goal  is  to 
rapidly  obtain  indications  on  the  best  possible 
use  of  BVA  crystals  in  terms  of  performance 
versus  drive  level  (up  to  i.6  mW).  An  aging 
model  can  then  be  derived  from  these  measurements. 
All  results  discussed  refer  to  5MHz  resonators. 

A  commercial  oscillator  type  FTS  1000  has 
been  modified7  to  be  equipped  with  BVA  AT  cut  and 
SC  cut  resonators.  It  has  been  verified  that  low 
aging  rates  are  established  quickly  (in  a  few 
days  or  less)  and  that  a  "zero  aging"  drive  level 
exists,  in  confirmation  of  results  first  obtained 
with  the  previous  test  oscillator.  Measurements 
of  short  term  stability,  phase  noise,  aging  and 
frequency  retrace  are  reported. 

The  electronics  of  a  new  oscillator  has  been 
designed  at  OSA  with  the  following  objectives 
and  data: 

-  the  characteristics  of  the  BVA  resonators  are 
utilized; 

-  the  bandwidth  of  the  loop  amplifier  is  given  by 
the  quartz  crystal  resonator; 

-  we  retain  the  possibility  of  measuring  the 
amplifier's  phase  noise  alone; 


-  we  are  able  to  measure  the  loaded  Q  of  the 
resonator;  and, 

-  correlation  between  passive  measurements  and 
final  operating  characteristics  enables  the 
detection  of  an  incorrectly  operating  element 
early  in  the  manufacturing  process,  thus 
eliminating  costly  disassembly  and  readjustment 
procedures. 


Aging  Model 

To  measure  the  long  term  behaviour  of  BVA 
resonators  as  a  function  of  the  drive  level,  the 
simple  TTL  oscillator  shown  in  Figure  1  was  used. 
Data  gained  with  the  same  oscillator  housed  in  a 
double  thermostat  are  also  indicated  in  the  same 
figure. 


From  these  measurements  a  model  of  the  BVA 
resonator  aging  can  be  derived: 


ar  -  k  P 


1  +  a  exp.  (-/|T* 


+  a. 


AT  5th  overtone  natural  quartz  crystal 


a^:  aging  rate 
P  :  dissipated  power 

a.:  intrinsic  aging  -2  •  10  ^/day 

—11 

k  :  constant  0.022  •  10  /day  •  pW 

PQ:  reference  drive  level  lOpW 

t  :  time  constant  5  days 

a  :  constant  60 

It  is  evident  that  optimum  aging  is  achieved  with 
a  drive  level  of  about  90pW. 


Type  FTS  1000  Oscillator  Modified  for  BVA 
Resonators 

BVA  resonators  have  been  installed  in  modified 
FTS  1000  oscillators7,  for  measurements  of 
frequency  stability  on  several  types  of  AT  and 
SC  cut  units.  The  occurrence  of  a  low  aging  rate 
consistent  with  the  model  is  confirmed.  Test 
oscillators  with  drive  level  adjusted  for  the 
expected  optimum  drift  rate  have  confirmed  that 
low  aging  is  achieved  within  several  days  after 
first  turn-on. 
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For  SC  cut  quartz,  the  analytical  model 
requires  parameter  constants  which  differ  from 
the  case  of  AT  cut,  and  low  aging  at  about  160|iW 
is  predicted.  Figure  2  shows  results  for  an  SC 
cut  3rd  overtone  resonator  which  showed  a  change 
in  the  sigh  of  the  aging  rate  as  drive  power  was 
increased  beyond  the  optimal  160pW  level.  Here, 
the  emphasis  is  not  on  quickly  reaching  the  low 
aging  point,  but  on  documenting  the  time  history 
under  gradually  increased  drive  level. 

It  is  expected  that  one  advantage  of  high 
drive  level  will  be  reduced  white  phase  noise 
in  the  oscillator.  In  Figure  3  the  performance 
of  a  5th  overtone  AT  cut  resonator  is  shown  for 
comparison  at  low  and  high  drive  level.  It  is 
seen  that  the  change  from  3pW  to  72yW  improves 
the  white  noise  level  to  the  measurement  limit 
being  imposed  by  the  reference  oscillator,  a 
standard  low  drive  level  FTS  1000. 

A  further  Improvement  in  the  white  phase 
noise  level  is  seen  when  two  BVA  resonators  are 
compared  directly.  Figure  4  shows  S$  data  for 
an  SC  cut  3rd  overtone  at  265pW  drive  level, 
versus  an  AT  cut  5th  overtone  resonator  at 
84pW.  The  white  noise  is  now  limited  by  the 
noise  floor  of  the  measuring  system  as  verified 
for  the  conditions  of  this  measurement. 

In  the  time  domain,  measured  stability  of 
BVA  resonators  has  been  excellent,  and  in 
particular  no  severe  degradation  in  flicker-of- 
frequency  performance  is  noted,  even  for  the 
relatively  high  drive  levels  customary  for 
these  crystals.  This  represents  a  marked 
departure  from  the  limitations  of  the  usual 
plated  resonators.  In  Figure  5  are  presented 
Allan  Variance  results  for  BVA  resonators 
measured  with  respect  to  standard  low-drive- 
level,  high  stability  oscillators.  The  Allan 
Variance  is  that  for  the  oscillator  pair  in 
each  case,  and  data  at  l  second  t  should  be 
corrected  downward  by  202  for  1  second  dead 
time.  Thus,  in  the  1  to  100  second  region  it 
appears  that  OyCx)  is  quite  flat.  For  the  SC 
cut  3rd  overtone,  the  difference  between  37pW 
and  285pW  results  may  be  partly  due  to  the 
different  reference  oscillators,  although  they 
have  in  fact  shown  approximately  5  x  10” 13 
against  each  other.  However,  the  BVA  performance 
of  <4  x  10-13  compared  to  about  7  x  lO-*3  is  not 
a  striking  difference,  considering  the  nearly 
8-fold  increase  in  resonator  drive  level. 

Additional  measurements  for  a  BVA  3rd  over¬ 
tone  SC  cut  resonator  against  a  JPL  hydrogen 
maser  have  shown  a  best  result  of  a  (BVA) 

4I.4  x  10"13  for  averaging  times  equa1  to  40, 

100  and  200  seconds,  and  1.8  x  10"  *3  at  400 
seconds.  It  is  believed  that  long  term  wandering 
from  spurious  causes  was  limiting  the  performance 
for  the  longer  time  averages. 

Model  8600  Oscillator 

The  electronics  of  a  new  oscillator  has  been 
designed  at  OSA  and  has  already  yielded  results. 


The  block  diagram  of  Figure  6  shows  the 
following  main  features: 

-  the  quartz  crystal  resonator  with  its  pulling 
capacitor  is  located  in  the  feed-back  arm  of 
the  oscillator  amplifier.  Thus  the  combination 
resonator-loop  amplifier  is  an  amplifier  the 
bandwidth  of  which  is  defined  by  the  reson¬ 
ator's  loaded  Q. 

-  in  the  self-excitation  path  we  see  a  broad-band 
filter  for  the  attenuation  of  the  harmonics; 
the  bandwidth  corresponds  to  a  Q  factor  of 
approximately  5. 

-  for  independent  measurements  of  the  loop 
amplifier  the  resonator  can  be  replaced  by  an 
equivalent  resistor.  By  cutting  the  self- 
excitation  path  and  by  feeding  a  corresponding 
frequency  from  an  external  quartz  oscillator 
at  point  a,  the  phase  noise  of  the  amplifier 
alone  can  be  measured.  The  transistor  working 
points  as  well  as  operation  of  the  AGC 
circuits  are  not  modified  in  doing  so. 

-  the  resonator's  loaded  Q  can  be  measured  with 
a  synthesizer  connected  at  point  a  and  with 
open  self-excitation  path. 

-  varying  the  AGC  circuits'  reference  voltage 
leads  to  simple  change  of  the  quartz  drive 
level . 

Figure  7  shows  the  result  of  loop  amplifier 
phase  noise  measurement  with  AGC.  In  this  case, 
the  quartz  resonator  has  been  r»p  aced  by  a 
82  ohm  resistor  and  the  self-exi.i;ation  path  was 
cut.  This  measurement  in  connection  with  u 
loaded  Q  value  of  1.5  x  106  allows  us  to 
theoretically  compute  the  spectral  density  S<f> 
of  the  operating  oscillator®.  Figure  8  displays 
the  calculated  and  the  measured  S$  data  with  a 
BVA  resonator  drive  level  of  80pW.  This  value 
approximately  corresponds  to  an  optimum  aging 
characteristic  of  the  BVA  AT  cut  5th  overtone 
quartz  crystal. 

The  run-in  behaviour  of  a  non-preaged 
oscillator  with  BVA  resonator  is  shown  in 
Figure  9. 

All  results  have  been  gained  at  constant 
temperature  in  a  thermostat  analogous  to  the  ona 
used  in  our  B-5400  oscillator.  The  thermostat 
has  been  adjusted  at  the  BVA  resonator's  turn¬ 
over  temperature  of  about  70°C. 

Conclusion 

Evaluation  of  BVA  resonator  performance 
using  a  variety  of  different  oscillator  circuits 
in  separate  laboratories  has  given  comparable 
results  for  short  term  stability  and  long  term 
drift. 

Results  of  low  aging  with  a  simple  test 
oscillator  in  the  early  phases  of  laboratory 
research,  and  more  recently,  as  the  resonators 
have  approached  industrial  production,  are 
confirmed  by  operation  in  a  commercial  oscillator. 
Aging  is  predictable  and  becomes  a  settable 
parameter. 
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Measurements  of  oscillator  phase  noise 
close  to  the  carrier  show  good  agreement  with 
observed  flicker  noise  in  the  time  domain.  The 
large  drive  level  allowed  by  the  BVA  technique 
permits  substantial  reduction  in  the  white  phase 
noise  level. 

The  advent  of  better  resonators  has  now 
forced  overall  improvements  in  oscillator 
circuits. 
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Summary 

This  paper  discusses  the  design  and  develop¬ 
ment  of  a  quartz  oscillator  for  use  In  the  Tall 
Warning  Radar  program.  Excellent  warmup  charac¬ 
teristics  have  been  achieved  by  using  an  SC  cut 
crystal  In  an  improved  proportional  controlled 
oven.  Stability  of  1PP10-®  are  realized  after 
only  5  minutes. 

The  oscillator  operates  at  10  MHz  and 
utilizes  a  3rd  overtone  SC  cut  crystal  in  a  T0-8 
enclosure.  The  proportional  control  oven  has  been 
reduced  in  size  to  obtain  the  smallest  mass  for 
fast  warmup.  This  paper  presents  the  mechanical 
and  circuit  design  of  this  oscillator.  Test 
results  for  warmup,  temperature  stability,  and 
other  characteristics  are  discussed. 

Additional  data  is  presented  on  SC  cut 
crystals  with  regard  to  "g"  sensitivity  and 
radiation  sensitivity.  The  radiation  data  shows 
sensitivities  one  to  two  orders  of  magnitude 
better  than  achieved  with  AT  crystal. 

Introduction 


Table  I  is  a  summary  of  the  electrical  per¬ 
formance  requirements  for  this  oscillator.  The 
main  concern  of  this  oscillator  was  the 
1  x  10"7  stability  after  only  five  minutes  of 
warmup.  Actual  results  showed  5  x  10“® 
at  -55#C  and  better  than  1  x  l<5“®  at  room 
temperature.  All  performance  requirements  were 
met  or  exceeded. 


Design 

The  mechanical  package  requirements  of  this 
oscillator  Is  shown  in  Figure  1.  The  basic  size 
Is  3.34  x  3.34  x  1.22  Inches  deep.  The  1.22 
Inches  was  the  limiting  factor  with  regard  to  oven 
designs  and  power  dissipation.  More  room  In  this 
dimension  could  have  reduced  power  consumption  by 
50  percent.  However,  this  room  was  not  available 
for  this  application.  The  detailed  assembly  for 
this  unit  Is  shown  In  Figure  2.  The  oscillator 
was  designed  using  a  double  oven  in  order  to  get 
heat  to  the  crystal  in  the  fastest  possible  time. 
This  drawing  shows  the  outer  oven  with  the  outer 
oven  controller  and  amplifier/regulator  boards 
which  were  located  outside  of  the  ovens.  Figure  3 
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shows  the  construction  of  the  Inner  oven  assembly. 
Only  the  T0-8  quartz  crystal  was  located  inside  of 
this  inner  oven.  Actual  photographs  of  this  unit 
can  be  seen  in  Figures  4  and  5  where  the  unit  has 
been  disassembled  to  show  the  detailed 
construction.  The  schematic  diagram  for  the 
entire  unit  is  shown  in  Figure  6.  A  Colpltts 
oscillator  configuration  was  chosen  for  Its  ease 
of  use  and  minimization  of  components.  The  quartz 
crystal  (Yi)  is  an  SC  cut  3rd  overtone  a' 
approximately  10  MHz,  A  varactor,  CR7,  is 
incorporated  to  provide  external  frequency 
control.  The  circuitry  was  designed  for  use  with 
two  independent  power  supplies,  a  +25  vdc  for  the 
ovens  and  a  +15  vdc  for  the  oscillator  and 
amplifier  circuits. 

It  should  be  noted  that  after  alignment  and 
initial  testing  the  entire  assembly  is  foamed  to 
provide  both  thermal  insulation  and  mechanical 
rigidity  to  withstand  the  shock  and  vibration 
environments  for  this  aircraft  application. 

Performance  Results 


Figure  7  shows  the  warmup  data  for  an 
oscillator  which  was  plotted  both  at  25 *C  and 
-55*C.  Figure  8  is  data  on  another  oscillator 
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that  was  taken  at  -55  “C  but  with  expanded 
resolution.  As  can  be  seen,  parts  per  10”® 
stability  are  achieved  In  a  very  short  tlae. 

The  SC  cut  crystals  have  a  turnover  of 
85*C  +  3*C  for  operation  over  the  temperature 
range  of  -55*C  to  +75*C.  A  plot  of  frequency  and 
Impedance  around  the  turnover  point  It'  shown  In 
Figure  9.  Typical  Q's  for  these  crystals  is  1.5 
million. 

Although  "g“  sensitivity  was  not  a 
specification  requirement  data  was  taken  to 
evaluate  this  parameter  for  the  SC  crystal. 
Table  IX  shows  static  Mg"  sensitivity  for  13  of 
these  oscillators.  The  average  "gM  sensitivity 
was  6  x  10-1®/g,  a  factor  of  2  better  than  a 
typical  AT  crystal. 

Radiation  Performance  Results 

Radiation  data  was  taken  on  SC  cut  crystals 
in  conjunction  with  oscillators  to  be  used  on  a 
space  probe  to  Jupiter.  This  data  was  taken  using 
a  Cobalt  60  radiation  source,  and  radiation  rates 
from  10  to  150  Rads/sec.  Cummulative  radiation 
doses  of  1  million  Rads  were  applied.  Figure  10 
shows  a  radiation  exposure  of  10  Rad/sec.  for  700 
seconds  after  a  25,000  Rad  preconditioning.  The 
sensitivity  during  this  exposure  was 
3.3  x  10“^/rad.  TMs  same  unit  after 
250,000  Rads  preconditii.  ling  showed  a  slope  of 
7  x  10-1®/Rad  for  the  same  exposure  rate  and 
time.  This  is  shown  in  Figure  11. 

Another  of  the  oscillator's  when  subjected  to 
the  same  rate  after  750,000  Rads  of  precondition¬ 
ing  showed  a  slope  of  5  x  10”^/Rad.  This 
is  shown  in  Figure  12.  This  improvement  in  slope 
can  be  seen  in  Figure  13  when  the  unit  was  exposed 
to  150  Rad/sec.  for  24  minutes.  This  curve  shows 
an  initial  slope  of  1  x  10_1®/Rad  which 
flattens  to  1.7  x  10~*vRad  near  the  end  of 
the  exposure.  Figure  14  is  an  accumulated 
1,000,000  Rad  exposure  on  this  unit.  The  total 
frequency  change  was  2  x  10”®  for  an  average 
slope  of  2  x  10”14/Rad,  A  group  of  crystals 
to  be  used  on  this  program  was  then  subjected  to 
radiation  doses  of  250,000  Rads  and  1,000,000  Rads 
to  determine  their  radiation  sensitivity.  These 
results  are  summarized  in  Table  III,  This  table 
accumulates  the  results  on  the  testing  of  19 
crystals.  The  first  11  of  these  crystals  had  pre¬ 
viously  been  subjected  to  a  25,000  Rad  precondi¬ 
tioning.  Sensitivities  on  the  units  with  previous 
preconditioning  averaged  2.8  x  10”^®/Rad, 
Those  with  no  preconditioning  averaged 
6.2  x  10  Rad.  All  these  units  after 
the  250,000  Rads  of  preconditioning  were  better 
than  3  x  10““/Rad  and  averaged 
6.5  PP1014/Rad. 

Conclusions 

The  data  presented  here  shows  significant 
improvements  in  performance  characteristics  by  the 
use  of  the  SC  cut  crystal.  This  stress 
compensated  crystal  permits  fast  warmup  with 
minimum  overshoot  and  ringing  due  to  abrupt 
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temperature  change.  Data  taken  on  *’g” 
sensitivity  indicated  a  factor  of  2  improvements 
over  AT  crystals  wihtout  significant  effort  to 
optimize  this  parameter. 

Radiation  sensitivities  1  to  2  orders  of 
magnitude  better  than  AT  crystals  have  been 
achieved.  Test  data  to  levels  of  1,000,000  Rads 
for  crystals,  and  crvstal/oscillator  combinations 
show  rates  of  10”*4/Rad.  These  performance 
results  show  great  improvement  over  previously 
obtainable  results  and  indicate  that  the  SC  cut 
crystal  would  be  a  good  choice  for  many  future 
oscillator  requirements . 
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Figure  1.  Frequency  Standard, 
Model  FE-2153A,  Outline 


10.0543478  MHz, 
Drawing 


Figure  2,  Unit  Assy,  Crystal  Oscillator, 
OCXO,  10.0543478  MHz  FE-2163A 


465 
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Figure  5.  Mseeeewbled  View  of  Feet  We  nr  Up 
Oecilletor,  SC  Cut  Cryetel,  Model  FE-2163A 


Figure  4.  Top  View  of  Feet  Mara-up  Oecilletor 
SC  Cut  Cryetel,  Model  FE-21MA 
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REQUIREMENTS  AND  EVALUATION  OF  THE  CIRCUITRY,  EXCLUDING  THE  CRYSTAL, 
IN  CRYSTAL  OSCILLATORS 
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New  Hyde  Park,  New  York  11040 


Summary 

In  any  cryatal  oaclllator,  the  oaclllator  la 
made  up  of  two  distinct  parta: 

(1)  The  cryatal. 

(2)  The  remaining  circuitry,  hereinafter 
called  the  amplifier. 

It  would  be  very  dealrable  to  evaluate  each 
one  Independently.  However,  It  la  very  difficult 
to  completely  evaluate  the  cryatal  by  itaelf,  but 
It  turne  out  that  the  amplifier  la  eaally  amenable 
to  auch  evaluation  and  that  quantitative  limlta 
can  be  aet  for  the  performance  of  the  amplifier, 
relative  to  the  oaclllator  performance,  under 
certain  amplifier  operating  condltlona  of  the 
amplifier. 

The  baalc  principle  conalsta  of  replacing  the 
cryatal  with  a  different  type  of  feedback  element 
which  rendera  the  oaclllator  more  unatable  by  many 
orders  of  magnitude  compared  to  that  when  the 
cryatal  la  used.  The  new  oscillator  performance 
la  then  measured  and  related  to  the  performance 
that  would  be  obtained  when  the  crystal  is  used. 

The  procedure  is  illustrated  by  application 
to  the  Pierce,  Colpltts  and  Clapp  oscillator 
circuits. 

Key  word 8  (for  information  retrieval) 
Oscillators,  Frequency  Stability. 

Introduction 

In  any  cryatal  oscillator,  the  oscillator  is 
made  up  of  two  distinct  parts: 

(1)  The  crystal  resonator. 

(2)  The  remaining  circuitry,  hereinafter 
called  the  amplifier. 

It  would  be  very  desirable  to  evaluate  each 
one  Independently.  At  the  present  state'  of  the 
art.  It  Is  impossible  to  simply  and  completely 
evaluate  the  crystal  by  itself  although  extensive 
work  has  been  c  irried  out  to  Independently 
determine  the  crystal  short  term 
performance1,  2 


However,  It  turns  out  that  the  amplifier  la 
readily  amenable  to  such  evaluation  and  that 
quantitative  limits  can  be  aet  for  the  performance 
of  the  amplifier,  velative  to  the  oaclllator 
performance,  under  certain  operating  conditions  of 
the  amplifier  and  the  crystal  described  later. 

This  paper  derives  the  approximate  relations 
between  the  oscillator  and  amplifier  performance, 
for  a  given  crystal,  and  describes  the 
experimental  technique  for' measuring  the  amplifier 
performance.  The  derivation  la  extremely  simple. 
Yet  It  yields  much  Information  on  the  design  of 
oscillators  and  the  measurement  of  the  amplifier 
performance. 

It  should  be  noted  that  the  material 
presented  herein  Is  particularly  applicable  to  the 
medium  and  long  term  frequency  stability  and 
yields  very  little  Information  about  the  short 
term  stability  since  the  crystal  resonator 
impedance  far  from  the  operating  frequencies  la 
not  considered  In  the  derivation  and  in  the 
experimental  measurement  procedure.  However,  it 
la  hoped  that,  In  the  future,  the  treatment  will 
be  extended  to  Include  the  short  term  stability. 

The  amplifier  evaluation  would  be  extremely 
useful  for  the  three  following  broad  categories  of 
applications: 

(1)  In  new  designs,  it  permits  the  budgeting 
of  the  performance  of  the  amplifier  for  an  overall 
oscillator  performance  and  the  experimental 
confirmation  of  tdiether  the  budget  is  being  met. 

(2)  In  old  designs,  or  in  manufacture  of 
oscillators  based  on  already  available  designs, 
the  situation  often  arises  that  the  oscillator 
performance  is  unsatisfactory  and  the  crystal 
designer  is  convinced  that  the  fault  lies  In  the 
circuitry  while  the  circuit  designer  is  equally 
convinced  that  it  lc  a  crystal  problem.  At 
present,  the  solution  for  this  dilemma  has  been  to 
replace  the  crystal  and/or  the  circuitry  until 
satisfactory  performance  is  finally  achieved, 
usually  at  great  cost  of  time  and  money.  The 
amplifier  evaluation  procedure  would  markedly 
facilitate  the  reaolution  of  this  problem. 

(3)  It  supplies  information  on  the  crystal 
medium  ar.d  long  term  performance. 


*Mr.  Farsen  is  a  Consultant  to  Frequency 
Electronics,  Inc. 


The  Amplifier  and  Feedback  Elements  Concepts 

Figure  1  shows  the  block  diagram  of  a  typical 
oscillator  using  the  amplifier  concept.  It  will 
be  noted  that  it  consists  of  only  two  elements: 

(1)  The  feedback  element 

(2)  The  amplifier 

In  a  crystal  oscillator,  the  feedback  element 
would  be  the  crystal.  In  a  non-crystal 
oscillator,  the  feedback  element  would  be  a 
resonator  or  part  of  a  resonator.  The  amplifier 
is  Che  rest  of  the  oscillator  including  the  oven 
and  any  other  means  for  maintaining  the 
electrical,  mechanical  and  thermal  environment. 

A  very  important  and  necessary  condition  is 
that  the  feedback  element  is  considered  "perfect" 
meaning  that  the  element  characteristics  are 
completely  stable,  i.e.,  Independent  of  the 
environment  and  time,  which  condition  can  usually 
be  practically  satisfied  during  the  time  necessary 
for  measuring  the  amplifier  performance. 
Obviously,  the  total  instability  of  the  actual 
crystal  oscillator  is  the  sum  of  the  amplifier 
instability,  referred  to  the  given  perfect  crystal 
and  the  Instability  of  the  actual  crystal. 
Conversely,  the  instability  of  the  actual  crystal 
is  the  difference  between  the  actual  oscillator 
instability  and  the  instability  of  the  amplifier 
referred  to  the  perfect  crystal. 

It  will  be  noted  in  Figure  1  that  the 
feedback  element  has  associated  with  it  a 
reactance,  XFE  which  is  a  function  of  only 
the  operating  frequency  .  Also  the  amplifier  has 
associated  with  it  a  reactance  XA  which  is  a 
function  not  only  of  the  physical  reactances  in 
the  amplifer,  but  also  includes  the  contributions 
of  the  active  circuitry  and  the  environmental 
conditions. 


Relationships  in  the  Pierce,  Colpltts  and  Clapp 
Oscillators 

(2)  now  becomes: 


*FE  £  XA 
n  Oj 

(4) 

from  which 

aiW 

n  ^ 

where  all  X  symbols  imply  magnitude  only. 

(5) 

If  we  make  FEn  to  be  a  crystal,  it  is  well  known 
that: 

AXrta^  2  ^Xtal^Xtal^^Xtal 

(6) 

so  that  (1),  (5),  and  (6)  yield: 

AuXtal  -v  AXA 

U  2  QXtalRXtal 

(7) 

Now  let  us  see  what  happens  when  we 
the  crystal  with  the  feedback  element  of 
and  using  the  same  amplifier. 

replace 
Figure  2 

From  Figure  2,  we  have  for  FE^j 

Sej  -  2HLU 

(8) 

AXFE2  -  2TiLAUFE^ 

(9) 

And  from  (4)  and  (5) 

„  Axa 

2  <v  A 

o  xA 

(10) 

General  Relationships 

In  any  oscillator,  for  a  given  feedback 
element  »  FEn 

We  can  write: 

Aufe  Aufe  Axfe 

_ _ n  *  _ n  •  _ n  /i  \ 

O  AX^  u 

Where,  in  general 

XpE  ■  «V  (2) 

n 

depending  upon  0  and  the  oscillator  design 

and  for  A U  «<  u  (3) 

U  can  be  assumed  constant. 

We  shall  now  apply  the  above  relations  to  the 
Pierce,  Colpitts  and  Clapp  oscillators. 


Combining  (7)  and  (10) 

AUpE2  fr  AuXtal  .  ^XtaAtal 

U  U  xA 

or  the  converse, 

^Ctal^H  XA 
U  U  ^Xtal'Sctal 

Example  1: 


QXtal 


then 


-  100,000,  RX(.  -  20fi,  XA  -  lOOfi 

Ai^tai  desired  «  10-9 
U 

Auff 

2  :>  ,n-9  2  X  100,000  X  20 

*  10  •  - jfo - 


-v  4(10) 

O/ 


(ID 


( 1 1  A) 
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Example  2; 


QXt  i  *  2(10)"6  R  =  lOOfl  XA  -  400fl 

^^t&l  desired  "  ^ 

u 

Aufe 

[hen_i^0->2  .  ULiilO)!  ... 

%  1  (10)“6 

Ic  Is  Interesting  to  note  that  for  maximum 
permissible  amplifier  Instability,  ®Xtal 

and  %tal  should  be  maximized  'nd  XA 

should  be  minimized.  Also  for  equal  Qxtal 

the  crystal  with  greater  &xtal  (which  is 

equivalent  to  smaller  motional  capacitance)  will 
permit  greater  amplifier  Instability.  Example  2 
illustrates  the  severe  requirement  imposed  on  the 
amplifier.  This  is  emphasized  by  noting  that  the 
Q  of  the  oscillator  with  FE,  la  less  than  4  for 
a  stability  of  1(10)“°,  a*h  achievement  which 
offhand  appears  impossible  but  direct  experiment 
has  proven  to  be  possible,  a  fact  corraborated  by 
the  existence  of  crystal  oscillators  having 
stabilities  of  (10)“12. 

Experimental  Procedure  for  the  Pierce,  Colpitts 
and  Clapp  Oscillators 

We  are  presented  with  an  oscillator  having 
known  crystal  parameters  and  required  stability. 
We  have  the  task  of  determining  whether  the 
amplifier  is  adequate  for  this  application. 

We  proceed  as  follows: 

(1)  Remove  the  crystal. 

(2)  Replace  the  crystal  by  the  feedback 

element  of  Figure  2  making  R  the  same  as 
Rxtai  and  L  that  value  which  will  yield 

approximately  the  same  operating  frequency.  This 
is  facilitated  by  determining  the  approximate 
value  of  XA  with  the  H.P.  481 5  vector  impedance 
meter  and  calculating  and  trimming  L  until  the 
right  frequency  is  obtained.  The  oscillator  is 
then  energized  and  the  current  in  FE^  should  be 
approximately  the  same  as  in  the  crystal.  FEj  is 


realized  by  a  stable  Inductor  in  series  with  a 
stable  resistor  and  this  normally  is  a  relatively 
easy  procedure.  The  output  frequency  is  then 
monitored  by  a  frequency  counter  and  the  stability 
Aup_  determined. 

__2 

u 


This  is  compared  against  that  called  for  by 
(11).  If  it  is  less,  then  the  amplifier  is 
satisfactory.  Otherwise  an  effort  should  be  made 
to  improve  it  as  necessary. 

Further  Comments 

The  evaluations  described  in  the  previous 
sections  apply  specifically  to  the  Pierce, 
Colpitts  and  Clapp  Oscillator  circuits.  However, 
similar  evaluations  can  be  made  for  other  types  of 
oscillators  in  which  case  other  forms  of  feedback 
elements  will  be  required. 

Sometimes  when  replacing  the  crystal  by  a 
different  element,  the  oscillator  may  not  perform 
properly  (e.g.,  it  may  squegg).  This  is  due  to 
the  fact  that  the  crystal  is  narrow  band  around 
several  discrete  frequencies  while  the  feedback 
element  may  be  broad  band.  This  is  corrected  by 
changing  some  of  the  time  constants  in  the 
oscillator  bias  and  filter  circuits. 

Conclusions 

A  method  has  been  developed  for  evaluating 
the  performance  of  a  crystal  oscillator,  excluding 
the  crystal.  This  method  should  prove  to  be  a 
powerful  tool  for  oscillator  design  and  in  the 
diagnosis  of  existing  unsatisfactory  oscillators. 
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L  is  chosen  so  that  the  oscillator  frequency  is 
approximately  the  same  as  the  crystal  oscillator 
frequency. 
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Abstract 

Miniature  crystal  controlled  oscillators  have 
been  developed  for  general  timing  applications  from 
Id  KHz  to  22  MHz.  This  paper  will  address  princi¬ 
pally  oscillators  in  the  0.5  MHz  to  22  MHz  region. 
The  lower  frequency  devices  are  nearly  identical 
except  for  tayloring  of  resonators  and  integrated 
circuits  to  lower  frequencies.  The  oscillators  are 
packaged  ir.  TO-5,  TO-d  and  DIP  compatible  metal 
cold  welded  hermetic  packages.  The  oscillators 
were  developed  to  provide  high  reliability  and 
manufacturing  simplicity.  The  heart  of  the  various 
configurations  is  a  silicon  integrated  circuit 
(SIC)  osalllator.  The  SIC  is  oompoaed  of  a  linear 
oscillator  amplifier  with  amplitude  gain  control 
followed  by  wave  shaping  circuitry  to  provide  TIL 
output  signals.  The  SIC  is  provided  with  beam 
leaded  connections  and  occupies  an  area  of  less 
than  70  mils  square.  Beam  leads  on  the  SIC  are 
thermal  compression  bonded  to  a  metallized  ceramic 
substrate  forming  a  hybrid  integrated  oircuit 
(H1C).  The  H1C  may  have  deposited  components  and 
functional  SICs  depending  on  the  application.  The 
crystal  is  added  to  the  HIC  and  assembled  and 
sealed  within  its  appropriate  enclosure.  The 
oscillators  are  designed  to  function  from  -40°C  to 
+<J5  C  wi mutabilities  of  ±100  ppm  and  ±25  ppm  from 
0  C  to  +70  C.  Generally  AT  cut  crystals  in  the  8 

region  are  used  in  the  oscillator. 

For  low  frequency  applications  the  appropriate 

divider  SIC  is  added  to  the  HIC.  A  voltage  con¬ 
trolled  crystal  oscillator  is  also  available  in  a 
HIC  configuration.  These  devices  exhibit  frequency 
tuning  characteristics  of  100  ppm  per  volt.  This 
circuit  uses  thin  film  circuitry  and  applique  dev¬ 
ices  in  addition  to  the  beam  leaded  SICs.  Oscilla¬ 
tor  frequency  sensitivity  to  power  supply  voltage 
variations  is  typically  0.5  ppm  per  volt  up  to  22 
MHz  • 


The  output  circuits  in  the  oscillators  are 
capable  of  driving  five  (5)  medium  power  TIL  loads 
with  rise  and  fall  times  of  less  than  10  ns.  The 
output  symmetry  of  the  oscillators  is  between  45-55 
percent  and  50-50  percent  depending  upon  whether  an 
output  divider  is  used.  Aging  data  at  different 
temperatures  up  to  150  C  has  been  used  to  estimate 


the  activation  energy  for  the  aging  process  and  end 
of  life  frequency  shifts.  The  nominal  oscillator 
aging  after  twenty  years  at  90°C  has  been  estimated 
to  be  about  10  ppm- 


IntiaducUfip 

Miniature  orystal  controlled  oscillators  have 
been  developed  for  low-cost  high  volume  applica¬ 
tions.  The  main  objectives  in  the  development  of 
these  oscillators  has  been  design  simplicity  and 
high  reliability.  The  oscillators  cover  a  fre¬ 
quency  range  from  Id  KHz  to  22  MHZ  and  share  simi¬ 
lar  technology  over  the  entire  frequency  range. 
Metal  hermetic  cold  welded  enclosures  and  silicon 
integrated  circuits  utilizing  beam  lead  technology 
are  used  throughout  the  oscillator  design.  The 
oscillators  use  45VDC  power  supply  voltage.  Figure 
1  illustrates  some  of  the  many  miniature  oscilla¬ 
tors  available  in  the  dual-in-line  compatible  and 
TQ-8  size  enclosures.  Hire  mounted  CT,  DT  and  E 
element  resonators  are  used  as  well  as  circular  AT 
cut  resonators.  The  heart  of  each  device  la  the 
integrated  oircuit  oscillator  which  may  be  followed- 
by  another  integrated  circuit  performing  additional 
functions. 

The  dlsoussion  in  this  paper  will  be  limited 
to  the  high  frequency  oaolllators  using  AT  cut 
resonators.  The  technology  for  the  lower  frequency 
devices  is  identical  except  for  resonators  and 
integrated  circuits  which  are  optimized  for  lower 
frequencies. 

The  high  frequency  oscillators  operate  over  a 
frequency  range  of  0.5  MHz  to  22.0  MHz,  with  fre¬ 
quency  stabilities  of  ±100  ppm  for  all  oauses  over 
a  temperature  range  of  -40  C  to  +95  C.  Stabilities 
of^t25  ppm  may  be  achieved  for  temperatures  of  0  to 
70  C.  Sensitivity  to  power  supply  voltage  varia¬ 
tions  is  less  than  0.5  ppm  per  volt.  Tbt  typical 
power  consumption  is  175  aw  up  to  S  MBs  and  85  aw 
from  8  MHz  to  22  MHz.  Failure  rates  lower  than  100 
FITS  at  95  C  have  been  projected  from  tests  con¬ 
ducted  at  150  C.  The  oscillators  are  available  in 
DIP  compatible  as  well  as  TO-5  and  TO-0  packages. 

The  DIP  compatible  package  offers  the  full  fre¬ 
quency  range  from  0.5  MHz  to  22.0  MHz  while  TO-5 
and  TO-8  packages  are  limited  to  the  8.0  MHz  to 
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22.0  MHz  frequency  range.  The  oscillators  provide 
rL  output  signals  capable  of  driving  5  aedium 
power  loads  with  rise  and  fall  times  of  less  than 
10  ns.  The  output  symmetry  is  typloally  45)  to  55) 
but  at  frequencies  below  8  MHz  the  symmetry 
approaches  50). 

The  oscillator  enclosures  are  metal  cold- 
welded  packages  that  are  in  DIP  compatible,  T0-5  or 
TU-b  outlines  as  illustrated  on  Figure  2.  The  DIP 
compatible  package,  being  0.5  inches  wide  X  0.8 
inches  long  X  0.3  inches  high,  has  been  designed  to 
a  proposed  IEC  package  outline  while  the  TO-5  and 
TO-b  packages  are  already  industry  stewards.  The 
DIP  compatible  enclosure  is  used  ov<v  a  frequency 
range  from  0.5  MHz  to  22.0  MHz.  This  enclosure  has 
the  largest  internal  volune  and  greatest  flexibil¬ 
ity  for  packaging.  The  TO-b  package  is  used  in  the 
b  MHz  to  22  MHz  frequency  range.  The  TO-5  package 
is  generally  used  in  the  10  MHz  to  22  MHz  region. 
This  package  is  used  in  applications  where  space  is 
at  a  premium  and  cost  is  less  important. 

The  package  assembly  disci  ssion  will  be  lim¬ 
ited  to  the  DIP  compatible  configuration  since  the 
design  is  most  flexible  and  does  not  have  the  space 
limitations  of  the  smaller  TO-5  and  TO-6  packages. 
The  assembly  of  the  TO-5  and  T0-8  packages  is  simi¬ 
lar  to  the  DIP  configuration  but  scaled  down  in 
size. 

Hybrid  integrated  circuits  (HIC's)  are  used  in 
conjunction  with  every  packaged  oscillator.  The 
H1C  is  a  conglomeration  of  several  components 
mounted  on  a  ceramic  substrate.  The  ceramic  sub¬ 
strate  is  metallzed  with  interconnect  paths  and 
bonding  pads  to  which  silicon  devices,  crystal 
mounting  ribbons  and  in  some  cases  thin  film 
resistors  and  capacitors  are  attached.  Thermal 
compression  bonding  is  used  to  attach  these  com¬ 
ponents  to  the  ceramic  substrate. 

The  crystal  designs  chosen  for  the  paokaged 
oscillator  have  been  chosen  for  low-cost  and  high 
reliability.  An  AT  cut  plano-plano-plate  with  a 
maximum  diameter  of  0.320  inches  conveniently  fits 
into  the  DIP  compatible  package.  Tne  crystal  is 
designed  with  less  than  25  ohms  resistance  and  all 
unwanted  resonances  are  suppressed  more  then  10  dB. 
The  frequency  range  of  the  crystal  units  is  8  MHz 
to  22  MHz. 

A  cutaway. assembly  of  the  dual-in-line  oscil¬ 
lator  package  is  illustrated  in  the  photograph  on 
Figure  3.  The  HIC  used  in  this  illustration 
includes  an  oscillator  followed  by  a  4  bit  ripple 
counter.  The  oscillator  SIC  is  the  smaller  20  beam 
device  toward  the  rear  of  the  HIC.  The  four  bit 
ripple  counter  is  the  lower  30  beam  device  toward 
the  front  of  the  HIC.  These  devices  are  mounted  on 
a  ceramic  substrate  0.370  inches  wide  by  0.495 
inches  long.  The  HIC  allows  the  selection  of  one 
of  four  output  frequencies  available  from  the  out¬ 
put  of  the  ripple  counter.  Appearing  on  one  of  the 
four  land  areas  to  the  right  of  the  four  bit 
divider  are  the  oscillator  output  frequencies  or 
f/2,  f/4,  f/8  and  f/16.  Selection  of  the  desired 
output  frequency  is  aooomplished  by  connecting  the 
appropriate  divided  output  to  the  adjacent  output 


stripe  with  conductive  epoxy.  This  particular  HIC 
is  used  for  output  frequenoles  in  the  0.5  MHz  to 
8.0  MHz  range.  Crystals  in  the  8  MHz  to  16  MHz 
band  are  used  for  this  application.  The  assembly 
of  the  package  starts  by  first  forming  the  crystal 
ribbon  to  aooept  the  orystal  plate.  A  drop  of  con¬ 
ductive  epoxy  is  put  on  the  center  of  the  enclosure 
base.  The  HIC  is  then  pressed  into  the  base  forc¬ 
ing  the  epoxy  away  from  the  center  of  the  base. 

This  provides  mechanical  attachment  and  low  thermal 
resistance  of  the  HIC  to  the  enclosure  base.  The 
terminal  wires  are  then  formed  over  the  land  areas 
in  each  corner  of  the  HIC.  Silver-loaded  conduc¬ 
tive  epoxy  completes  the  electrical  connection 
between  the  terminal  wires  and  the  land  areas  on 
the  HIC.  The  orystal  is  then  installed  between  the 
formed  mounting  ribbons  and  epoxied  in  plaoe. 

The  epoxy  is  then  cured  at  150°C  for  one  hour. 
After  the  epoxy  has  been  cured  the  crystal  is 
adjusted  to  frequency.  In  this  operation,  the 
oscillator  is  powered  in  a  vacuum  environment  and 
gold  is  evaporated  onto  the  crystal  plate  until  the 
appropriate  output  frequency  has  been  reached.  The 
packaged  crystal  osr'llator  is  then  evacuated  and 
sealed.  There  are  many  variations  of  circuit  com¬ 
binations  available  in  packaged  crystal  oscilla¬ 
tors.  A  unique  design  which  has  potential  in  phase 
lock  loops  and  where  remote  tuning  is  desired  is 
the  voltage  controlled  crystal  oscillator  (VCXO). 
This  oscillator  is  available  in  the  DIP  compatible 
package  at  frequencies  in  the  0.5  MHz  to  22.0  MHz 
band.  The  functional  block  diagrams  of  the  two 
circuits  which  are  used  to  cover  the  frequency 
range  from  0.5  MHz  to  22  MHz  are  illustrated  on 
Figures  4A  and  4B.  The  HICs  consist  of  the  oscil¬ 
lator  SIC  and  a  divider  (for  frequencies  from  0.5 
MHz  to  8.0  MHz)  or  buffer  gate  (for  frequencies 
from  8.0  MHz  to  22.0  MHz)  plus  the  addition  of  a 
varactor  diode  in  the  crystal  network.  Biasing  of 
the  varactor  diode  is  accomplished  with  two  thin 
film  resistors  and  a  capacitor.  The  oscillator 
tuning  characteristic  is  illustrated  in  Figure  5. 
The  frequency  vs.  voltage  sensitivity  about  the 
nominal  +2.5  volts  is  about  ±  100  ppm  per  volt. 

flagmatflC  integrated  .Circuit  Design 

The  heart  of  each  paokaged  orystal  oscillator 
is  a  complimentary  bipolar  integrated  circuit 
(CBIC)  oscillator  using  beam  leaded  technology. 

The  oscillator  is  stabilized  by  on  external  quartz 
crystal  that  is  designed  to  operate  to  22  MHz  pro¬ 
viding  TTL  output  signals  with  crystal  resistance 
of  up  to  25  ohms.  Rise  and  fall  times  are  l';sa 
than  10  nsec  with  on  tines  of  45)  to  50).  Typical 
power  consumption  is  40  nw.  The  oscillator  incor¬ 
porates  several  features  which  are  listed  below: 

1.  The  oscillator  oirouit,  designed  of  mixed 
differential  stages,  has  high  common  node 
rejection  to  interfering  noise. 

2.  The  symmetry  between  power  supply  and 
ground  using  complementary  PNP  and  KPN 
transistors  in  CBIC  technology  makes  the 
circuit  tend  naturally  toward  a  symmetric 
output . 
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3.  Push-pull  loading  provides  low  impedance 
connections  at  both  terminals  of  the  cry¬ 
stal  to  maintain  a  very  high  loaded  cir¬ 
cuit  Q. 

4.  The  average  loop  gain  is  reduced  to  unity 
over  a  cycle  at  a  relatively  low  level  of 
crystal  current  by  a  clipping  circuit 
introduced  at  a  point  in  the  feedback 
loop  where  it  does  not  appreciably  affect 
the  crystal  termination  impedances.  The 
oscillator  is  not  allowed  to  be  limited 
by  device  saturation. 

5.  The  push-pull,  common-mode  soheme  of  the 
oscillator  tends  to  place  NPN  and  PNP 
emitter  junctions  in  series  pairs.  This 
reduces  the  manufacturing  spread  of 
offset  voltages  and  produces  high  yield. 


The  imbalance  parameters  k  = 


and  m  arise 


1  ♦ 


from  the  push-pull  nature  of  the  amplifier.  (The 
latter  quantity  m  is  artificially  defined  to  sim¬ 
plify  the  expressions.)  The  clipper  transistor  that 
is  being  cut  off  by  the  signal  swing  (in  the  half 
cycle  implied  by  the  current  arrows) ,  namely  Q13* 
is  neglected.  The  other  clipper  transistor  is 
represented  through  its  determinate  relationship 
with  the  current  ki  and  the  voltage  -v,  whloh  is 
considered  as  being  applied  to  the  base  of  Q10. 

The  open-loop  crystal  terminal  voltages  (emitters 
of  Q6/6  and  Q9/10)  are  expressed  in  two  ways,  based 
on  the  voltages  at  the  bases  of  the  respective 
transistors  and  the  corresponding  emitter  currents. 


a.  start-Up.  Value  of  Loop  gain 


6.  The  bias  voltages  applied  to  the  heart  of 
the  circuit  float  at  levels  established 
by  means  of  a  chain  of  diodes.  This  iso¬ 
lates  the  oscillating  loop  from  external 
interferences. 

7.  Flip-flop  action  is  designed  into  a  novel 
TTL  output  circuit  to  reduce  the  cross¬ 
over  current  spikes  which  are  injected 
into  supply  and  ground.  The  Interaction 
between  the  pull-down  and  push-up  output 
devices  is  minimized. 


To  determine  the  small-signal  loop  gain  for 
the  fundamental  mode  of  oscillation,  we  reoognize 
that  the  crystal-driving  terminal  (Q9/10)  is  ter¬ 
minated  in  R  plus  the  open-loop  input  impedance  of 
the  amplifier,  which  is  a  complicated  function  to 
express.  But  this  is  equivalent  to  equating  the 
drive-terminal  voltage  to  G  times  the  voltage  which 
tne  tank  applies  to  the  dissipative  part  of  the 
circuit.  This  gives  the  equation  shown  at  the  bot¬ 
tom  of  Figure  d.  For  small  signal,  k  5  t,  lit, 

-v  =  the  base  voltage  of  Q9  and  ln(1+x)  5  x.  Thus, 
we  can  write 


Circuit  Details 

A  schematic  diagram  of  the  oscillator  circuit 
is  presented  in  Figure  6.  The  following  discus¬ 
sions  break  this  diagram  up  into  several  parts  for 
the  sake  of  clarity. 

The  Oscillating  Loop 

A  simplified  picture  of  the  oscillating  cir¬ 
cuit  is  given  in  Figure  7.  The  crystal  is  con¬ 
nected  as  the  feedback  network  across  a  nearly 
zero-phase  amplifier  consisting  of  a  push-pull 
common-base  input  stage  and  a  push-pull  emitter- 
follower  output  stage.  The  bias  currents  of  all  of 
the  shown  semiconductor  devices  except  QT 3  and  Q14 
are  set,  by  circuitry  to  be  discussed  later,  to  be 
approximately  equal.  The  clipper-transistor  bias 
currents  (Q13  and  Q14)  are  so  low  as  not  to  materi¬ 
ally  affect  the  small-signal  gain.  The  network  has 
two  output  points. 

In  Figure  8,  the  same  network  is  shown  again 
with  different  emphasis.  The  loop  has  been  opened, 
permitting  the  ac  emitter  node  voltage  of  Q9/10  to 
assume  values  much  different  from  the  values  at  the 
Q6/8  emitter  node.  The  indicated  incremental 
currents  are  defined  as  representing  the  instan¬ 
taneous  state  of  the  fundamental  oscillation  when 
it  is  still  small  in  amplitude.  For  the  fundamen¬ 
tal  sine  wave,  the  crystal  appears  as  a  small 
resistance  R„,  which  is  typioally  about  5  ohms. 

The  current  i  represents  the  common  value  of 
emitter  bias  current.  All  base  currents  and 
parasitica  are  neglected. 


i 

T  1 


^ijo  . -,u  -  v  W  .Vjfo 

j  1  *  2"xjG  •  *  *  I 


wher^  VT  5  26  mV,  the  thermal  voltage  of  a  junction 

and  ,  *  r  .  Thus 
I  e 


R+r 


G  = 


2(re  ♦  Rx) 


,200  t  21.6  ,  4  ,6 

2(21.6  +  5)  *  4,1,> 


Actually,  this  last  expression  for  G  could  have 
been  obtained  from  the  closed-loop  circuit  diagram 
by  inspection,  for  the  same  current  flows  in  two 
parallel  input  meshes  of  resistance  2re  ♦  2R..  and 
in  two  parallel  resistances  R  ♦  r  whose  terminal 
voltage  equals  the  EMF  in  the  input  mesh. 


Thus  the  start-up  value  of  loop  gain  for  a 
nominal  chip  and  a  5  ohm  crystal  has  been  calcu¬ 
lated  to  be  approximately  4.16,  which  will  ensure 
growth  of  the  oscillation.  Computer  analysis  using 
the  SPICE  program  has  given  a  gain  value  consistent 
with  this  and  has  also  shown  that  the  small-signal 
phase  angle  will  be  about  14°  at  10  MHz  and  29  at 
20  MHz.  The  crystal  resistance  can  go  as  high  as 
31.6  ohms  before  reducing  this  gain  to  2.06;  AT-cut 
crystal  units  in  the  range  4-27  MHz  will  dependably 
have  less  series  resistance  than  that. 


b.  autady-s&atfi  Amlltude  al  -fcha flaclllatlon- 
Approxiaatc  Analysis 

Let  us  now  see  if  we  can  stop  the  growth  of 
the  oscillation  both  before  any  of  the  transistors 
saturates  and  at  a  controlled  low  value  of 
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crystal-current  amplitude.  Let  us  assume,  now, 
that  the  currents  labeled  in  Figure  8  represent  the 
peak  values  reached  in  the  branches  indicated.  The 
oscillation  will  stop  growing  after  both  gain  paths 
through  the  aaplifier  are  Interrupted  simultane- 
ously  at  the  peaks  of  the  current  awitgs.  The 
growth  will  stop  when  the  fundamental-node  power 
flowing  out  of  the  tank  oirouit  Just  equals  the 
fundamental-mode  power  flowing  into  the  tank  cir¬ 
cuit  from  1s/)0,  The  voltage  waveform  at  the 
emitter  node  of  <39/10  will  be  nearly  square,  as 
chuwn  in  Figure  8.  At  the  limit  of  the  half  cycle, 
the  current  in  <39  is  essentially  cut  off  by  the 
relatively  fast  drop  of  the  base  voltage  of  Q9;  the 
drop  iu  the  eaitter  node  voltage  is  limited  by  the 
clipping  action  of  <314,  represented  by  the  forced 
Independent  voltage  -v  at  the  base  of  <310. 

The  fundamental  sine-wave  component  of  a  50 
percent  duty-cyole  square  wave  has  an  aaplltude 
equal  to  a  t  .27  tines  the  aaplltude  of  the  square 
wave.  This  implies  that  the  fundamental  sine  wave 
amplitude,  at  the  R  terminal  will  be  1.27  times  the 
peak  voltage  at  th$  Q9/10  witter  when  the  loop  is 
closed  and  no  net  additional  power  is  flowing  into 
the  tank.  Thus  we  can  write 

^  |  -  Vfi  ln(1  +  ^)  -  flx(l4k)lj  =  1R  -  VT  ln(1  + 

-  VT  ln(1  -  m*> 

VT  ln(1  -  **)  a  }-  R  ♦  J  Rx  (Uk)  j  i 

♦  VT(J-  1)ln(1  ♦  *) 

Let  us  consider  setting  v  at  such  a  value  that  i  • 

.81  =  .96  oA,  which  implies  a  crystal  current 
amplitude  of  (1+k)i  »  1.49  mA.  Does  this  value  of 
v  result  in  a  Q14  quiescent  current  satisfying  the 
assumption  that  it  is  at  least  two  orders  of  magnl- 
tude  below  the  level  1?  For  R  »  200  (Figure  1),  Rx 
s  5  ohms  and  k  «  0.555  the  above  equation  gives 

.026  ln(1-.8m)  *  200  ♦  &  (1.555)1  (.00096) 

t  V  i 

♦  .026(^  -  1)ln1.8  «  -  .178 
1  -  .8m  *  .00105 
m  s  1.249 

(Note  that  mi  z  X.) 

'me  value  of  v  that  our  choice  iaplies  is  obtained 
rrom  the  lower  loop  expressions  for  the  <39/10 
emitter  voltage  in  Figure  8,  t eking  the  factor  0 
equal  to  unity  because  of  the  current  oontlhuity  in 
the  closed-loop  situation.  Thus  we  oan  write 

J  jvT  mo  ♦  *)  ♦  Rx(l4k)i|  «  v  -  »T  lnjl  ♦  (lek-m)  *j 

^  [ .026  In  1.8  ♦  5(1. 555)(. 00096)]  s  v  *  .026  ln[1 
5  .307(.8)]  which  gives 

v  *  .0347  . 

Tne  total  current  in  Q10  at  this  point  is 
1  ♦  (1+k-a)i  s  (1+.246)! 


Note  that  the  current  in  the  translator  (Q9)  being 
cut  off  during  this  half  oyole  has  swung  auoh 
further  (I)  than  the  current  in  the  translator 
(Q10)  that  is  maintaining  a  low  terninating  resis¬ 
tance  for  the  crystal  (0.2461).* 

Figure  10  shows  how  a  given  value  of  v  iaplies 
a  value  v^  of  voltage  (a  do  value)  applied  to  the 
base  of  the  dipper  transistor  Q14.  Since  the 
Vg-'s  of  all  of  the  translators  are  stated  in 
reference  to  a  condition  when  a  current  I  *  1.2  mA 
flows  in  an  emitter  junction  of  unit  size,  this 
value  of  vCLp  is  in  reference  to  VQ,  which  is 
nearly  the  average  of  the  voltageauat  the  eaitters 
of  <37  and  Q12  (Figure  6  and  11).  This  point  will 
become  clearer  in  the  next  seotion,  whloh  discusses 
the  biasing  scheme  of  the  oscillator. 


Putting  into  Figure  10  the  values  of  k,  i  and 
v  obtained  earlier,  one  oan  find,  after  two  succes¬ 
sive  approximations  that  vpt p  would  be  about  -65 
mV.  But  this  implies  a  quiescent  (start-up)  value 
of  <314  current  of  1  exp[-  (65/26))  *  .0821,  which 
is  not  consistent  with  our  assumption  (and  desire) 
that  the  value  be  two  orders  of  magnitude  below  1. 
The  derived  value  would  result  in  a  resistance  of 
260  ohm  being  preMnt  across  R  at  start-up,  which 
would  pull  the  loop  gain  dangerously  low.  A  dou¬ 
bling  of  this  resistance  value  would  preserve  suf¬ 
ficient  gain. 


Setting  i  to  1.261  in  the  equations  gives  -v  = 
-56  mV,  VCLp  •  -84  mV  and  (1«k)i  >  2.18  mA.  Since 
-84  mV  is  the  value  of  VCLp  actually  chosen  (Figure 
11),  the  predloted  orystaT current  amplitude  is  2.2 
mA.  This  will  still  be  sufficiently  small  as  not 
to  saturate  any  transistors,  although  it  is  higher 
than  one  night  like  from  considerations  of  crystal 
lifetime.  The  computer  has  predloted  approximately 
this  amplitude  for  6.7  MHz  but  a  considerably  lower 
value  (about  1.3  mA)  for  20  MHz,  evidently  due  to 
capacltanoe  and  transit-time  effects. 


2.  IhtJiMlng,  Sohcmc 


The  bies  voltages  applied  to  the  heart  of  the 
oscillator  are  established  by  means  of  the  network 
shown  in  Figure  11.  Current  flowing  through  the 
diode-connected  transistor  <330  lnduoes  a  small  ini¬ 
tial  current  in  <328  and  twioe  that  amount  of 
current  in  <329,  whioh  has  two  units  of  emitter 
aree.  Neglecting  base  currents,  all  of  the  <329 
current  is  pulled  through  <34  and  Q3  and  then  Q27. 
inis  results  in  roughly  four  times  the  initial 
value  of  Q28  current  being  forced  through  <32  into 
Q28  as  positive  feedback.  Thus  the  currents  build 
up  until  the  24  ohm  resistors  in  Mrlea  with  the 
emitters  of  <326  and  Q28  stop  the  riM.  By  the  time 
this  happens,  substantial  our rent  also  flows  in  the 
path  through  <37  and  <312,  and  this  adds  to  the  Q27 
and  <328  currents.  With  the  resistance  values  and 
emitter-area  ratios  indicated,  the  currents  settle 
approximately  to  the  values  shown  in'  the  diagram, 
where  I  z  1.2  mA,  a  value  almost  Independent  of 

•  The  number  .246  will  appear  as  in  a  later 
discussion.  * 


478 


supply  voltage  and  temperature.  (This  has  been 
verified  by  computer  analysis.)  Now  the  ratio  of 
emitter-current  densities  in  <327  and  <326  (also  <323 
and  Q29)  is  3:1.  and  the  corresponding  junction 
voltage  difference  is  28.6  mV,  which  appears  across 
each  24  oho  resistor. 

Only  one  of  the  emitter  resistors  of  Q26/Q29 
is  neoessary.  but  the  other  one  has  been  added  to 
achieve  as  high  a  degree  of  balanoe  as  oan  be 
obtained  simply. 

TWo  pairs  of  the  output  voltages  differ  by  B  + 
b,  where  b  is  the  drop  obtained  with  the  current  1 
flowing  through  a  resistance  value  R.  Note  that  B 
denotes  the  VB„  of  either  an  NPN  or  a  PNP  transis¬ 
tor  biased  at  i  -  I.  When  the  output  pairs  are 
actually  used  tS  set  up  currents  equal  to  I  in  the 
rest  of  the  circuit,  the  Junctions  that  appear 
across  the  voltage  differences  are  always  of  the 
correct  type  to  result  in  clean  cancellation  of  the 
B's. 


The  extra  emitters  of  <313  and  Q14,  connected 
as  they  are,  reduce  the  <32/3  currents  relative  to 
the  resistor  currents.  This  reduces  the  Q6/8 
current  just  sufficiently  to  compensate  for  the 
average  of  t.ie  other  Q13/14  emitter  ourrents,  which 
draw  out  of  the  base  nodes  of  <39/10.  This  tech¬ 
nique  keeps  the  <39/10  bias  current  (and  hence  the 
output  circuit  biases)  under  control  over  a  wide 
temperature  range.  This  is  important  because  the 
313/14  bias  ourrents  do  not  track  the  basic  bias 
current  I. 


3.  The  TIL.,  Output-ClrcuM 


It  is  important  that  the  current  impulses  shot 
into  the  supply  and  ground  as  the  TTL  output 
switches  be  suppressed  as  much  as  is  practical 
without  unduly  lengthening  the  TTL  rise  or  fall 
tiroes.  Thus  the  positive-current  and  negative- 
current  output  devices  (Q22  and  <323,  respectively, 
in  Figure  6)  should  not  simultaneously  receive 
drive  currents  sufficient  to  turn  them  on  strongly. 
Tnerefore,  the  collector  currents  of  <317  and  Q19 
should  never  simultaneously  be  larger  than  about  .8 
mA;  whereas,  they  individually  need  to  swing  to  a 
value  of  at  least  2  mA  (better  yet  3  mA)  to  provide 
the  speed  needed.  The  circuit  arrangement  ih 
Figure  12  provides  these  features. 

The  voltage  across  the  bottom  p  resistor  in 
Figure  12  is 


*  b(t4dt-n2)  -  VT  ln|n,fu»1-41 


)(l4Bg4d2) 


At  the  oenter  of  the  switching  range,  the  col¬ 
lector  currents  of  09  and  Q10  are  equal  to  I.  Here 
we  have 


4^  a  <2  *  0  and  nf  «  n2  *  n  . 

This  give*  us 

^  n  *  b  -  nb  -  2Vt  IntnO'W))] 


which,  for  b  #  .24,  gives 


n  »  .655 
nl  •  .787  mA 


Hence  the  crossover  current  level  of  Q17/19  is  low 
enough. 


Now  we  shall  calculate  the  maximum  value  Of 
the  019  (or  Q17)  current.  From  our  earlier 
analysis  of  the  steady  state  amplitude  of  oscilla¬ 
tion  we  oan  see  that  the  values  of  4.  and  <2 
corresponding  to  this  state  are  1  and  .246,  respec¬ 
tively.  Noting  that  l2  *  0  here,  we  now  get 


k  _ 

2  n1 


*  2b 


lnin^O. 246)!  =  2b  -  3V.  In  n 
12nij  +  .078  lh  n1  -  .47  s  0 


1 


.006 


for  which  the  solution  is 


n.  «  3.06 
n^l*  3.68  mA 

Hence  the  indicated  value  of  the  maximum  current  is 
high  enough. 

The  nominal  values  of  crossover  and  maSlnum 
q 1 7/1 9  current  resulting  from  computer  analysis  are 
.67  mA  and  3  mA  (Figure  16),  respectively,  which 
are  somewhat  lower  (and  more  desirable)  than  the 
approximate  values  calculated  above.  The  reason  is 
that  the  Q9/10  current  is  a  bit  larger  than  I. 


It  should  be  observed  that  the  network  of  Fig¬ 
ure  12  does  not  flip  into  the  other  state  as  soon 
as  the  equality  level  of  Q9  and  Q10  current  is 
crossed.  The  differential  input  to  <315/16  must 
swing  considerably  past  zero  before  the  off  pair  of 
transistors  (either  Q16/17  or  Q15/19)  is  brought 
back  into  conduction.  The  fact  that  Q9  and  Q10 
alternately  out  off  ensures  that  the  flipping  even¬ 
tually  does  happen.  The  symmetry  of  the  oirouit 
preserves  the  desired  50  percent  duty  cycle. 

An  actual  small  deviation  from  the  design  thus 
far  indicated  helps  (according  to  both  computer  and 
breadboard  results)  in  preserving  the  approximate 
50  percent  duty  cycle  up  to  20  HHz.  The  clipping 
action  of  Q13  has  been  inhibited  somewhat  by  means 
of  the  imbalance  of  the  resistor  arrangement 
between  the  emitters  of  Q7  and  Q12  (Figure  11). 

This  appears  to  compensate  for  the  imbalance  in  the 
parasitic  capacitances  associated  with  the  NPN  and 
PNP  transistors.  The  effect  seems  to  be  that  the 
cutting-off  of  Q10  in  the  appropriate  half  cycle  is 
better  assured  at  high  frequencies.  This  promotes 
timely  action  of  the  flip-flop. 

The  flip-flop  network  drives  the  output  net¬ 
work  shown  in  Figure  13,  where  924  and  Q25  are 
antisaturation  devices.  The  diode  Q20  shifts  the 
level  of  the  high-state  output  downward  so  that  the 
rise  and  fall  times  do  not  raise  the  duty  cyole 
above  50  percent  when  a  5-volt  supply  is  used.  The 
1UK  resistor  aalntalos  a  little  hies  current  in  the 
diodes  in  the  sero  output  state. 
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Transient  Analysis  with  the  Computer 


A  transient  analysis  of  the  oscillator  was 
obtained  with  a  computer,  using  the  SPICE  program, 
the  crystal  was  modeled  with  two  aeries  RLC  net¬ 
works  placed  in  parallel,  representing  the  funda¬ 
mental  and  third-harmonic  modes,  and  a  shunt  oapa- 
citance  of  10  pf.  The  two  series  combinations 
chosen  for  a  6.67  MHz  (20  MHz)  computation  were  5 
ohms,  24  ph  (8  jih),  24  pf  (8  pf)  for  the  fundamen¬ 
tal  resonator  and  15  ohms,  24  ph  (8  ph),  24/9  pf 
(8/9  pf)  for  the  third-harmonic  resonator.  The 
resulting  waveforms  are  shown  in  Figures  14-16  for 
b.o7*  MHz  and  Figure  17  for  20  MHz. 

In  order  to  facilitate  getting  crystal-current 
build-up  (energy  storage)  in  the  crystal  within  a 
reasonably  short  computation  time,  a  voltage  step 
function  was  applied  in  series  with  the  equivalent 
circuit  of  the  crystal  at  time  zero.  The  magnitude 
was  chosen  (by  trial  and  error)  to  start  the  cry¬ 
stal  current  amplitude  slightly  below  or  slightly 
above  the  steady  state  level.  Thus  the  oscillation 
would  either  grow  or  decrease  slightly  from  this 
level.  The  loaded  Q  of  the  crystal  was  chosen 
arbitrarily  very  low  (about  30)  so  that  the  growth 
or  decay  would  be  noticeable. 

Figure  14  shows  a  waveform  for  the  emitter 
node  of  Q6/8  (crystal  output  terminal)  that  would 
be  nearly  a  sinusoid  were  the  small  voltage 
represented  by  the  top  waveform  (the  reference  vol¬ 
tage  at  the  base  of  Q6)  subtracted  from  it. 

Figure  15  shows  tha  clipper  actions  on  the 
base  voltages  of  Q9  and  Q10  and  also  shows  the  col¬ 
lector  voltages  of  Q9  and  Q10  moving  about  1R  3  240 
mV  up  or  down  from  the  quiescent  (starting)  level 
as  Q9  and  Q10  alternately  out  off. 

Figure  16  shows  the  TIL  output  voltage 
predicted  assuming  a  30  pf  load.  The  rise  and  fall 
times  are  still  very  adequate,  and  the  duty  cycle 
is  very  nearly  50  percent.  Other  computer  results 
(not  shown)  indicated  that  a  0.1  ph  placed  in  the 
supply  lead  or  ground  (still  assuming  the  30  pf 
load  capacitance)  would  not  seriously  degrade  the 
results. 

Reliability 

An  extrapolated  20  year  end  of  life  lower  3  dB 
frequency  has  been  obtained  from  isothermal  stu¬ 
dies.  Data  was  obtained  from  40  oscillators 
divlded0into  three  groups  and  aged  at  25C,  61°C 
and  150°C.  The  logarithms  of  the  negative  aedlan 
extrapolated  frequency  shifts  are  plotted  versus 
temperature  in  Figure  18.  In  Figure  18  the  tem¬ 
perature  scale  is  linear  in  the  variable  [1/(T°C  ♦ 
273.16)].  The  solid  line  in  Figure  18  is  a  least 
square  fit  to  the  medians  of  the  frequency  shifts 
extrapolated  to  20  years.  Actual  aging  times  are 
11,000,  14,000  and  40,000  hours  for  these  samples. 
The  equation  of  the  solid  lines  is 


•  The  crystal  current  in  this  particular  case  was 
started  considerably  below  the  steady-state 
amplitude,  but  no  qualitative  error  in  the 
waveforms  has  resulted  from  this. 


DF  *  OF  eRT 

c 

with  OF  *  -.344  x  10  ppm  (frequency)  and  Ea  «  0.26 
eV  or  6074  calories.  In  this. equation  T  *  T°  ♦ 
273.16  and  R  *  8.616975  *  10*5  ev  per  a  or  1.987 
calories  per  °K. 

The  failure  rate  of  the  oscillators  has  been 
predioted  to  be  less  than  100  FITS  at  90°C.  The 
prediction  was  made  using  the  data  oolleoted  from 
forty  oscillators  distributed  over  these  stress 
temperatures.  The  most  significant  data  is  from 
the  twelve  units  that  were  thermal  stressed  at 
150°C.  The  only  failure  oocurred  at  32000  hours 
and  the  test  was  terminated  at  40,000  hours.  The 
150  degree  maximum  stress  temperature  was  chosen  to 
be  compatible  with  the  conductive  epoxy  used  in  the 
device  assembly. 
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Figure  1  Miniature  Oscillators  from  18KHz  to  22MHz 
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Figure  2  DIP  Compatible,  TO-8  and  TO-5  Oscillator  Enclosures 
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Figure  3  Cutaway  Oscillator  Assembly 


VOLTAGE  CONTROLLED  OSCILLATOR  TUNING  CHARACTERISTIC 


VARACTOR  VOLTAGE 

FIGURE  S 
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OSCILLATOR  CIRCUIT  (5823) 


FIGURE  6 


SIMPLIFIED  OSCILLATOR  CIRCUIT 


k« 


Sv|«  v0 

G  [-VTln  (l+  4) -RX  (i  +  k)l]  -  iR-Vrln  [(l  +  j)(l-m  })] 
FIGURE  8 


OSCILLATOR  EMITTER  VOLTAGES 


POWER  FLOW  INTO  DISSIPATIVE 
ELEMENTS  *V2(lp)  (^rV^ 

(FUNDAMENTAL  MODE) 


POWER  FLOW  INTO  TANK  ■  V2  Ip  (£vj) 
(FUNDAMENTAL  MODE) 


FIGURE  9 
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ANALYSIS  OF  VOLTAGE  LIMITING  OF  014 


SOLUTION:  a  ~  .316  ^  (RELATIVE  TO  V0) 

VClp  -  “-065  VOLT 


FIGURE  10 


IT 

24 1  VT  In  (~)  -.0285  VOLT 
1“  1.2mA 
Q26  1 1  R  *  2000 


V0  +  2B  +  b 


b  ■  RI  “  .24  VOLT 


Vcc 


V0“  z 


B  ■  FORWARD  BIAS  VOLTAGE 
OF  UNIT  EMITTER  DIODE 
BASED  AT  CURRENT  « I 


NOTE: 

THE  PNP  Vbe*  AVERAGE  ABOUT 
26mV  HIGHER  THAN  THE  NPN 
Vgg't ,  DUE  TO  THIS  AND  TO  BETA 
EFFECTS,  THE  EMITTERS  OF  Q12, 
01,  AND  04  ARE  ACTUALLY  MADE 
TWICE  UNIT  SIZE.  (FIGURE  1) 


START-UP  NETWORK 


BIASING  NETWORK 
FIGURE  11 
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TTL  OUTPUT  COLLECTOR  COLLECTOR  BASE  OF  010  COLLECTOR  COLLECTOR  BASE  OF  Q10  BASE  OF  Q9 

OF  010  OF  09  OF  010  OF  09 


WAVEFORMS  OF  09/010 


WAVEFORMS  OF  017/019 
AND  TTL  OUTPUT  (20  MHz) 


WAVEFORMS  OF  Q17/Q19 
AND  TTL  OUTPUT  (6.67MHz) 


FIGURE  16 


TEMPERATURE  DEPENDENCE  OF  MEDIAN  FREQUENCY  SHIFTS 
EXTRAPOLATED  TO  20  YEARS 


FIGURE  16 


487 


Proc.  34th  Ann.  Freq.  Control  Symposium,  USAERADCOM,  Ft.  Monmouth,  NJ  07703,  May  1980 


DIRECT-TEMPERATURE  COMPENSATED  CRYSTAL  OSCILLATOR 
FOR  ADVANCED  VHF/UHF  RADIO  COMMUNICATION  SYSTEMS 


S.  Okano,  T.  Mitsuoka  and  T.  Ohshima 


Toyo  Communication  Equipment  Co.,  Ltd. 


Summary 

A  compact  TCXO  having  a  volume  of  2.5  cc, 
maximum  power  consumption  of  15  mW,  and  frequency 
stability  of  +2  ppm  from  -30°C  to  +60°C  has  been 
developed  by  connecting  a  temperature  compensation 
circuit  directly  to  a  crystal  resonator  to  meet 
the  recent  demand  for  VHF  and  UHF  narrow  band  FM 
mobile  radio  equipment. 

The  essential  point  in  this  compensation 
method  is  independent  temperature  compensation 
at  the  low  temperature  and  high  temperature  por¬ 
tions.  Our  approach  in  the  analysis  and  design 
of  this  compensation  method,  studies  on  the  main 
electronic  components,  and  the  performance  of  the 
unit  as  an  actual  compact  TCXO  and  a  TC-VCXO  with 
voltage  control  function  are  described. 

Key  words  (for  information  retrieval) 
Oscillator,  Crystal,  Temperature  Compensated, 
Direct  Compensation,  Thermistor,  Sensitivity, 
Negative  Resistance,  Voltage  Controlled. 

Introduction 

The  utilization  of  higher  frequency  bands  and 
narrower  communication  channels  is  being  planned, 
or  has  already  been  implemented,  to  meet  the  de¬ 
mand  for  more  effective  utilization  of  frequencies 
and  expanded  communications  volume  in  recent  VHF 
and  UHF  band  radio  communication  systems.  The 
frequency  stability  of  these  advanced  radio  com¬ 
munications  systems  must  be  50  Z  better  than 
present  frequency  stability  (+5  ppm).  This  fre¬ 
quency  stability  is  higher  than  the  theoretical 
frequency  temperature  characteristic  of  a  crystal, 
and  the  crystal  oscillator  must,  therefore,  have 
a  function  that -compensates  for  the  inherent  fre¬ 
quency  temperature  characteristic  of  the  crystal. 
The  following  temperature  compensation  methods 
have  been  studied  and  used  for  some  time: 

1)  Compensation  using  the  temperature 
characteristic  of  the  reactance  element  of  the 
oscillator  circuit. 

2)  Compensation  by  adding  a  circuit  consist¬ 
ing  of  a  reactance  element  (L  or  C)  and  a  temper¬ 


ature  sensing  element  to  the  oscillator  circuit, 
and  using  the  equivalent  reactance  temperature 
characteristics .7 » 2) 

3)  Compensation  by  controlling  a  voltage 
controlled  oscillator  having  a  variable  reactance 
element  or  circuit  as  the  load  capacitance  by  means 
of  a  temperature  compensated  voltege  generator. 3) 

4)  Compensation  by  digital  processing  for 
sophisticated  temperature  compensation. 4) 

These  methods  are  classified  as  "direct  type," 
in  which  the  temperature  compensation  element  or 
circuit  is  connected  directly  to  the  crystal  oscil¬ 
lator  loop  such  as  methods  1)  and  2),  and  "indirect 
type,"  in  which  the  reactance  of  the  oscillator 
circuit  is  controlled  indirectly  such  as  methods  3) 
and  4) .  High  grade  compensation  is  easily  ob¬ 
tained  with  the  indirect  type,  but  it  is  complex. 
The  direct  type  using  method  2) 

a)  does  not  provide  a  good  grasp  of  the  high 
frequency  characteristic  of  the  temperature  sensing 
element. 

b)  the  equivalent  resistance  of  the  compen¬ 
sation  circuit  changes  with  temperature,  resulting 
in  a  large  change  in  the  oscillation  level. 

Therefore,  high  compensation  performance  and 
good  output  characteristics  are  not  obtained  and  it 
is  not  used  industrially  to  any  appreciable  extent. 

However,  this  method  effectively  meets  the 
demands  for  compact  size,  low  power  consumption, 
and  low  cost  and  is  well  suited  for  use  in  advanced 
radio  communication  equipment.  Such  an  idea  has 
already  been  put  forward  by  S.  Boor,  W.  Horton,  and 
R.  AngoveZ)  as  a  compensation  circuit  consisting  of 
a  thermistor  and  capacitor  connected  in  parallel. 

We  developed  this  further,  and  applied  it  not  only 
to  temperature  compensation  in  the  low  temperature 
portion,  but  also  to  temperature  compensation  in 
the  high  temperature  portion.  From  the  industrial 
standpoint,  our  design  permits  adjustment  of  the 
temperature  compensation  amount  by  adjusting  the 
resistance  value  of  the  compensation  circuit. 
Theoretical  considerations  were  added  to  this 
temperature  compensation  circuit,  independent 
temperature  compensation  of  the  low  portion  and 
high  portion  was  refined,  and  newly  developed  mini¬ 
ature  thermistors  and  electronic  chip  parts  were 
used.  A  compact  TCXO  unit  having  a  volume  pf  2.5 
cc  and  a  power  consumption  of  15  mW  was  built  and 
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a  +2  ppm  frequency  temperature  characteristic  over 
the  -30°C  to  +60°C  ambient  temperature  range  was 
obtained.  This  TCXO  may  also  be  used  as  a  high- 
frequency-stability  crystal  modulator  by  adding  a 
voltage  control  function.  Our  approach  to  theo¬ 
retical  temperature  compensation  analysis  and 
design  in  the  development  of  this  TXCO  is  described 
and  the  characteristics  of  the  actual  TCXO  are 
introduced. 


capacitor  in  series  with  this  circuit.  On  the 
other  hand,  when  Q*=10,  a  compensation  circuit  that 
lower  the  frequency  when  the  temperature  rises  at 
the  high  temperature  portion  can  be  built.  Temper¬ 
ature  compensation  of  an  AT-cut  crystal  having  a 
zero  or  plus  frequency  temperature  coefficient  at 
room  temperature  is  possible  by  connecting  these  two 
compensation  circuits  in  series. 


Compensation  Principles 

The  simplest  artificial  temperature-sensitive 
reactance  circuit  network  using  a  thermistor  is  the 
parallel  circuit  of  thermistor  and  capacitor.  The 
equivalent  series  capacitance  and  equivalent  series 
resistance  when  this  circuit  is  converted  to  a 
series  circuit  are  represented  by  the  following 
equation.  The  curves  are  plotted  in  Fig.  1. 


-1  =1+  (  JL  )2 

C  v  0  x  ' 

P  V 


Rpo  1+(Q  x) 


(1) 


Where,  X  =  Rp/Rpo  and  Q  =  Xso/Rso  Rpo,  Rso 
and  Xso  are  the  values  of  Rp,  Rs,  and  Xs  at  the 
reference  temperature.  The  horizontal  axis  of 
Fig.  1  is  a  logarithmic  scale  of  the  resistance 
value  of  the  thermistor  normalized  by  the  value  at 
the  reference  temperature,  with  the  direction  re¬ 
versed.  Therefore,  the  horizontal  axis  corres¬ 
ponds  to  the  plus  temperature  direction.  If  the 
reference  temperature  is  25°C  and  B  constant  of 
the  thermistor  is  3000°K,  x=10  corresponds  to 
-30.4°C,  x=0.1  corresponds  to  +113°C.  The  Q  of 
the  circuit  at  the  reference  temperature  is  the 
parameter  in  this  figure. 


From  the  industrial  standpoint,  a  compensation 
circuit  should  have  function  independently  at  the 
low  temperature  portion  and  high  temperature  por¬ 
tion.  That  is,  the  low  temperature  compensation 
circuit  should  not  affect  the  normal  temperature 
and’  high  temperature  portions,  and  the  high  temper¬ 
ature  compensation  circuit  should  not  affect  the 
normal  temperature  and  low  temperature  portions. 
Introducing  such  a  partial  compensation  concept, 

1)  prevents  the  temperature  compensation 
amount  from  becoming  too  large  and  maintain#  stabi¬ 
lity  agal'.ist  environmental  changes, 

2)  permits  "independent- temperature  compen¬ 
sated  design"  at  the  required  high  temperature 
portion  and  low  temperature  portion  and  simplifies 
temperature  characteristic  adjustment. 

When  this  circuit  parameter  Q  ■  0.1  (referring 
to  Fig.  1),  since  the  series  capacitance  at  the 
normal  temperature  or  high  temperature  portions  can 
be  made  sufficiently  large  and  the  series  capaci¬ 
tance  can  be  abruptly  lowered  as  the  temperature 
drops,  a  compensation  circuit  that  raises  the  fre¬ 
quency  when  the  temperature  drops  at  the  low 
temperature  portion  can  be  built  by  connecting  a 


TEMPERATURE  COMPENSATION  CIRCUIT  DESIGN 


1.  Two-point  compensation 

The  simplest  compensation  circuit  design  is 
two-point  compensation.  The  B  constant  of  the 
thermistor  in  the  compensation  circuit  shown  in 
Fig.  2  is  predetermined,  because  the  B  constant  of 
actual  thermistors  is  well  matched  and  matching  to 
within  +1X  is  not  very  difficult.  Therefore,  when 
the  two  temperature  points  are  decided,  x  corres¬ 
ponding  to  these  points  is  determined.  These  are 
made  x^  and  X2>  If  the  equivalent  capacitances  at 
which  the  frequency  deviation  at  these  two  points 
becomes  zero  are  made  Csi  and  Cs2, 


c,2  -  CP  <“rr» 

Qx, 


(2) 


Solving  these  simultaneous  equations, 


n  /WX22-Cs2/x12 
Q  j  Cs2-Csl 


C 


P 


X1  csrx22cs2 


/v. 

> 


(3) 


Therefore,  circuit  constants  Rpo  and  Cp  are 
found  from  Eq.  (3) 

The  good  compensation  characteristics  obtained 
even  with  simple  two-point  compensation  is  shown 
below  by  using  the  results  of  computer  simulation. 
Koga  and  Aruga's  elastic  constants^were  used  as  the 
frequency-temperature  characteristics  of  a  crystal 
in  this  simulation.  Of  course,  a  better  compen¬ 
sation  characteristics  is  obtained  by  making  the 
primary  coefficient  large,  by  selecting  an  angle 
of  cut  to  the  minus  side  from  this  critical  angle, 
but  since  the  compression  rate  is  large,  it  is 
undesirable.  Fig.  2  is  an  example  of  low  temper¬ 
ature  portion  compensation  and  two  compensation 
points  are  25°C  and  -30®C.  The  resonator  is  the 
fundamental  frequency  and  the  specified  load 
capacitance  is  20  pF  and  the  B  constant  of  the 
thermistor  is  3000°K.  In  this  figure,  when  Q  « 

0.09,  Cs  changes  slightly  near  20  pF  and  compen¬ 
sation  characteristics  is  obtained  from  -40°C  with 
about  1.4  ppm  ripple.  The  affect  of  this  compen¬ 
sation  circuit  on  the  high  temperature  portion  is 
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an  extremely  small  -0.4  ppm  at  +70°C.  Fig.  3  is 
an  example  of  high  temperature  portion  compensation 
and,  shows  the  reduction  of  Q  value  by  adding 
series  capacitor  Cs.  The  two  compensation  points 
are  258C  and  70“C.  When  Cs  *■  °°  ,  the  best  compen¬ 
sation  characteristics  is  obtained  and  the  ripple 
is  held  to  about  1.4  ppm  up  to  +73°C.  The  affect 
on  the  low  temperature  portion  is  an  extremely  low 
+0.5  PPM  at  -30°C.  Therefore,  a  compensation  cir¬ 
cuit  network  that  is  effective  over  the  entier 
temperature  range  can  be  built  by  substituting  this 
circuit  network  for  Cs  of  Fig.  2.  However,  since 
the  Q  is  high  at  Cs  =  oo  ,  Rpo  rises  and  the  re¬ 
actance  component  of  the  thermistor  cannot  be 
ignored.  Lowering  Q  permits  use  of  a  low  re¬ 
sistance  thermistor,  but  since  the  compensation 
effect  deteriorates  somewhat,  the  Q  should  be 
selected  according  to  the  frequency-temperature 
stability.  Fig.  4  is  an  example  of  the  overall 
compensation  characteristic  when  two  compensation 
circuit  networks  are  combined.  In  this  case,  the 
Q  of  the  high  temperature  compensation  circuit 
was  selected  at  about  10  and  the  Q  of  the  low 
temperature  compensation  circuit  was  selected  at 
about  0.09,  considering  the  mutual  affects  of  the 
two  circuits.  In  this  example,  the  ripple  is 
about  2  PPM  from  -40°C  to  +-70°C  and  an  adequate 
temperature  compensation  characteristics  is  ob¬ 
tained.  Of  course,  it  goes  without  saying  that 
better  compensation  can  be  obtained  by  making  the 
temperature  range  narrower. 

2.  Actual  compensation  circuit 

When  the  manufacture  of  this  direct-temperature 
compensated  crystal  oscillator,  if  the  frequency- 
temperature  stability  to  be  obtained  is  a  com¬ 
paratively  simple  compensation  of  +3  to  5  PPM, 
selecting  one  of  several  compensation  circuit 
networks  based  on  the  frequency  -temperature 
characteristics  data  of  the  crystal  and  combining 
it  with  the  pertinent  crystal  is  suitable.  Of 
course,  adjusting  the  frequency  deviation  by  ad¬ 
justing  the  resistance  of  the  thermistor  at  the 
required  temperature  (for  example,  -30°C  or  70°C) 
is  also  extremely  effective  in  increasing  compen¬ 
sation  performance,  but  in  this  case,  the  re¬ 
liability  and  stability  of  the  thermistor  is  not 
adequately  confirmed.  On  the  other  hand,  adjust¬ 
ing  the  resistance  by  (1)  trimming  a  fixed  re¬ 
sistor,  (2)  adjusting  a  variable  resistance,  or  (3) 
changing  fixed  resistors  is  simple  and  stability 
and  reliability  are  very  good. 

We  used  a  method  that  adjusts  the  compensation 
characteristic  by  adding  a  trimming  resistor  to 
basic  compensation  circuit  for  this  reason.  Fig.  5 
gives  the  circuit  diagram  and  the  parameters  needed 
for  calculation,  (a)  is  for  low  temperature  use  and 
(b)  is  for  high  temperature  use.  R1  is  the  ther¬ 
mistor  and  R2  is  the  trimming  resistor.  The  re¬ 
sistance  value  of  the  thermistor  normalized  by  the 
resistance  value  at  the  reference  temperature  is 
made  a  and  the  resistance  value  of  the  trimming 
resistor  is  made  b.  Fig.  6  and  Fig.  7  show  the 
adjusting  effect  obtained  by  varying  b,  using  two- 
point  compensation  simulation.  Inserting  a  fixed 
resistor  of  about  b  -  10  at  the  low  temperature 
circuit  and  a  fixed  resistor  of  about  b  »  0.1  is  at 


the  high  temperature  circuit,  the  compensation 
characteristics  is  suppressed  and  increased  the 
ripple,  but  these  were  within  a  range  at  which  our 
target  frequency  temperature  characteristic  was 
easily  obtained.  If  b  is  varied  8  -  12  at  the  low 
temperature  side  and  0.05  -  0.2  at  the  high  temper¬ 
ature  side,  a  change  of  +3  PPM  or  greater  can  be 
obtained  at  -30°C  and  +-70°C. 


3.  Sensitivity 


The  sensitivity  of  the  component  parts  was 
grasped  by  computer  simulation.  The  effect  of 
thermistor  resistance  is  very  important  and  is  de¬ 
scribed  here  by  calculating  the  element  sensitivity 
of  the  thermistor.  As  is  well  known,  the  sens!-, 
tivity  versus  oscillation  frequency  f^  of  load  capa¬ 
citance  is. 


A  -CoCl 

s  .  - -  -  -C. 

CL  2fr(C+CL)2  L 


(4) 


Where,  S  is  the  trim  sensitivity  according  to 
the  Sherman  definition.6)  Redrawing  the  equivalent 
reactance  circuit. 


- II - II - 

Ca  °b 

- IQ) - 

Where  Ca  .  Equivalent  series  capacitance 

of  compensation  circuit  network. 

Cb  .  Equivalent  series  capacitance 

of  frequency  adjustment  or  tuning  circuit. 

The  sensitivity  of  fL  with  respect  to  Ca  is  obtained. 

s'l  .  sfl  ,«L  .  - -  (5) 

\  \\  »mw‘ 

The  sensitivity  of  the  compensation  circuit  is. 


C 

» 

X 


1+Q2x2 


(6) 


Moreover,  the  relationship  between  x  and  a  is, 

S*  “  afb  ^for  low  temPerature) 

Sx  -  -4r  (for  high  temperature) 

A  ATD 

These  equations  are  used  to  find  the  element 
sensitivity  of  the  thermistor. 


The  sensitivity  of  the  low  temperature  con- 
pensatlon  circuit  when  b  shown  in  Fig.  2  is  maximum 
is  calculated  as  an  example. 

Cp  ■  98  pF,  Q  -  0.09,  Ca  (25°C)  *■  12,141  pF, 

Ca  (-30°C,  x  -  9.76)  -  224  pF,  Cb  -  20  pF,  Co  - 
3  pF,  and  t *  225.  Substituting  these  in  the  fol- 
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lowing . 


C  C  C. 
o  a  b 


ir<CoCa+CoCb+CaCb)2(14<32x2) 


-  8.3  xlO-2  (at  25®C) 

-  2.47  xlO-5  (at  -30°C) 


This  shown  that  the  element  sensitivity  of 
the  thermistor  is  extremely  low  at  25°C  and  the 
frequency  change  for  a  IX  thermistor  resistance 
change  is  less  than  2.5  x  10~?  even  at  -30SC. 
However,  the  crystal  is  usually  oscillated  at  the 
series  resonant  frequency  by  inserting  a  coil  in 
series  at  the  3rd  overtone  mode.  Therefore,  the 
equivalent  reactance  circuit  is  represented  as 
shown  below. 


/^ClN 
ii — nrrp-n 


HOh 


where,  Cb  «  -1/w  l 

Thus,  Eq.  (5)  can  be  applied  unaltered. 

Since  Ca  »  Cb  «  0  at  the  series  resonant  frequency. 


L(S) 


-C, 


2fC 


2C 


(9) 


The  element  sensitivity  ratio  when  there  is 
no  coil  is  shown  by. 


a  ''a 


1+  0  2 
Ca 


(10) 


If  Ca  and  Co  are  reduced  by  the  same  amount, 
the  element  sensitivity  increases  by  a  factor  of 
four. 


the  negative  resistance  is  measured,  and  the  fre¬ 
quency  range  covered  and  the  constants  of  the  cor¬ 
responding  parts  are  decided. 

To  maintain  a  high  negative  resistance,  the 
output  should  not  be  taken  from  the  emitter.  The 
affect  on  the  negative  resistance  when  a  load  re¬ 
sistance  was  connected  to  the  emitter,  was  analyzed 
by  using  the  model  shown  in  Fig.  9.  The  load  re¬ 
sistance  was  made  R^.  Since  a  stabilized  resistor 
is  not  generally  used  in  this  type  of  oscillator; 

Rp  represents  the  transistor  emitter  resistance. 

In  this  case,  the  equation  of  the  real  part  of  the 
input  impedance  becomes  complex  and  is  shown. by. 


Re(Zin)i 

R 


|— (—  -  x2)+  —  —  (“  +  — )}  /a 

l* A  q2rl  CP  R  J 


ci .  v 

p 


where, 


XU) 


.  /'*  2.2.  2  1  R2  ,C1  .  2 

A“(— -X  )  "2  77  (r +R"> 


A 


«rv  p 

Rs  -  «F  +  *L’  Cp  “  C1  +  C2 


definition  of  Q  and  x  are  same  to  in  Fig.  8. 

The  above  equation  when  Rj/R  is  made  a,  C^  « 

C2  ”  C  and  Q  •  5  is  plotted  inrig.  9.  As  can  oe 
seen  from  these  curves,  RL  contributes  substantially 
to  the  negative  resistance,  and  reducing  parameter 
a  has  the  same  effect  as  if  Q  were  reduced,  a  *  1 
is  equivalent  to  reducing  Q  to  4,  and  a  “  0.5  is 
equivalent  to  reducing  Q  to  3.  This  problem  can  be 
solved  by  taking  the  output  from  the  collector. 

The  Collpits  oscillator  collector  current  equation 
has  already  been  given  in  another  reference'), 
according  to  this  equation,  as  the  oscillation 
level  increases,  the  flow  angle  decreases  and  the 
peak  value  Increases.  But  since  the  fundamental 
frequency  component  becomes  constant  when  the  O-P 
value  of  the  sine  wave  voltage  between  the  base- 
emitter  becomes  large  enough,  stable  output  level 
can  be  obtained  by  obtaining  a  sine  wave  through  a 
tank  circuit  etc. 


Oscillation  circuit  design 

The  conditions  required  of  a  direct-temperature 
compensated  oscillator  circuit  are  a  negative  re¬ 
sistance  large  enough  to  cover  the  compensation 
circuit  network  loss  and  a  stable  output  level 
against  variation  in  this  loss.  The  equivalent 
circuit  of  the  Colpitts  oscillator  that  we  used  is 
shown  in  Fig.  8.  Here,  R  is  the  bias  resistance 
and  other  equivalent  input  parallel  resistances. 

The  common-collector  transistor  circuit  is  repre¬ 
sented  by  a  follower.  R_  represents  the  stabiliz¬ 
ing  resistor  and  transistor  emitter  resistor.  The 
plotted  imaginary  part  and  real  part  are  also  shown 
in  this  figure.  As  can  be  seen  from  these  curves, 
the  circuit  oscillates  at  a  frequency  x  -  1  or 
greater,  where  the  negative  resistance  appears. 

In  actual  oscillation  circuit  design,  a  prototype 
circuit  designed  on  this  consideration  is  built. 


We  stressed  obtaining  a  constant  peak  value  even 
with  a  resistance  load  by  selecting  the  proper  tran¬ 
sistor.  That  is,  a  comparatively  small  signal  tran¬ 
sistor  was  selected  and  the  hp_  saturation  character¬ 
istic  was  used.  Fig.  10  shows  the  output  voltage 
change  versus  the  loss  when  a  switching  transistor 
and  a  high  frequency  small  signal  transistor  were 
used.  This  data  was  obtained  by  inserting  a  series 
resistance  into  the  oscillation  loop  of  3  practical 
oscillator  using  a  single  transistor  and  measuring 
the  output  level  change  with  a  peak  detection  type 
level  me^ar.  The  harmonic  frequency  component  ob¬ 
served  with  a  spectrum  analyzer  is  also  shown. 

As  can  be  seen  from  this  figure,  the  change  in  the 
output  level  of  a  small  signal  transistor  for  a 
change  of  0  -  100  ohms  was  held  to  a  peak  value  of 
about  2  dB.  The  change  in  the  fundamental  frequency 
component  was  also  an  excellent  1  dB  or  less. 

Fig.  11  shows  the  temperature  dependence  of  the 
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output  level  (peak  value)  of  a  practical  oscillator. 
The  emitter  level  change  is  also  shown  for  com¬ 
parison  purposes.  The  level  change  suppression 
effect  is  clearly  ehown  in  This  figure. 

Study  of  main  components 

Fig.  12  shows  exterior  views  and  interior  views 
of  actual  direct-tempr.rature  compensated  crystal 
oscillators.  The  resistors,  capacitors,  tran¬ 
sistors,  and  other  electronic  parts  are  on  chips. 
Since  these  chips  are  abundantly  available  and 
their  reliability  and  mounting  technology  have  been 
firmly  established,  small  size  and  low  price  are 
possible.  The  use  of  these  miniature  parts  and 
adoption  of  the  direct-temperature  compensation 
method  makes  possible  a  1/3  -  1/4  reduction  in 
volume  compared  to  conventional  discrete  components. 
The  crystal  is  a  Type  UM-1  miniature  crystal  used 
in  the  fundamental  mode  at  10  -  30  MHz  and  in  the 
3rd  overtone  mode  above  30  MHz.  The  package  is 
metal  and  is  sealed  by  resistance  welding  to  obtain 
an  aging  characteristics  of  +1  PPM  or  less/year. 

The  AT-cut  crystal  frequency  temperature  charac¬ 
teristic  was  designed  the  zero  or  plus  temperature 
coefficient  at  room  temperature,  considering  the 
shift  of  the  oscillation  circuit  temperature 
characteristic  and  the  frequency  temperature 
characteristics  caused  by  insertion  of  the  load 
capacitance  as  shown  at  "a"  in  Fig.  13.  When  the 
frequency  stability  is  comparatively  loose,  an 
angle  of  cut  slightly  to  the  bottom  right  from 
the  zero  temperature  coefficient  was  designed  and 
the  high  temperature  side  temperature  compensation 
was  omitted  as  shown  by  "b"  of  Fig.  13.  Since 
variations  in  the  inter-electrode  capacitance  and 
capacitance  ratio  affect  the  compensation  char¬ 
acteristic,  the  crystal  must  be  specified  with 
care. 

Since  the  thermistor  determines  the  compen¬ 
sation  performance,  its  electrical  characteristics 
are  extremely  important.  As  is  generally  known, 
the  characteristics  of  a  thermistor  are  for  DC  and 
the  characteristics  at  high  frequencies  are  un¬ 
clear.  Accurate  measurement  of  the  high  frequency 
characteristics,  especially  the  temperature  de¬ 
pendence,  of  a  thermistor  is  difficult,  but  ac¬ 
cording  to  our  studies,  (1)  a  thermistor  can  be 
considered  to  be  a  resistor  and  capacitor  parallel 
circuit  at  a  certain  frequency  range,  (2)  the 
electrostatic  capacitance  is  proportional  to  the 
electrode  area  and  changes  very  little  with  temper¬ 
ature,  and  (3)  as  the  resistance  value  and  operatr 
ing  frequency  increases  the  parallel  resistance 
component  tends  to  decrease.  Fig.  14  shows  the 
electrical  characteristics  of  the  3011  chip  thermi¬ 
stor  that  we  used.  The  characteristics  are  stable 
with  respect  to  both  temperature  and  frequency. 

The  results  of  85°C  accelerated  aging  of  a  low 
resistance  thermistor  are  shown  in  Fig.  15.  The 
resistance  value  change  about  +5  X  in  100  days. 

The  amount  of  change  is  proportional  to  the  loga¬ 
rithm  of  time  and  post-shipment  changes  can  be 
suppressed  to  a  negillglble  value  by  baking.  Fig. 
16  shows  the  change  in  the  frequency  temperature 
characteristic  before  and  after  aging  of  an  oscil¬ 
lator  biased  for  approximately  1  year  without 
baking.  As  can  be  seen  from  this  figure,  both 


frequency-temperature  characteristics  show  good 
agreement.  From  the  result  of  element  sensitivity 
calculation,  the  thermistor  aging  change  in  this 
case  is  assumed  to  be  1  Z  or  less. 

Actual  data 

Fig.  17  shows  the  typical  temperature  charac¬ 
teristics  of  an  oscillator  unit  at  which  only  the 
low  temperature  portion  is  compensated.  A  good 
temperature  compensation  effect  is  obtained  at  both 
the  fundamental  and  3rd  overtone.  The  change  in 
the  output  level  is  within  +1  dB.  Fig.  18  shows 
the  distribution  of  the  frequency  temperature  char¬ 
acteristics  of  a  3rd  overtone  oscillator  unit  at 
which  only  the  low  temperature  portion  is  compen¬ 
sated.  Fig.  19  shows  the  distribution  of  a  funda¬ 
mental  mode  oscillator  unit  at  which  the  high 
temperature  portion  is  also  compensated.  In  both 
cases,  compensation  circuit  networks  corresponding 
to  the  temperature  characteristic  of  the  crystal 
were  selected  and  used.  A  better  characteristic 
was  obtained  by  adjusting  the  resistance  of  the 
compensation  circuit  network.  Fig.  20  shows  the. 
frequency  aging  at  an  ambient  temperature  of  25°C. 
The  output  frequency  long-term  stability  depends 
on  the  long-term  stability  of  the  crystal  and  the 
aging  change  of  the  thermistor  has  virtually  no 
affect. 

Frequency  modulation  function 

A  frequency  modulation  function  is  often 
demanded  of  the  oscillator  used  in  an  FM  radio 
equipment  transmitter.  In  this  case,  a  VCXO  (Volt¬ 
age  Controlled  Crystal  Oscillator)  is  employed. 

Since  a  VCXO  can  be  given  a  good  frequency  modul¬ 
ation  function  from  DC,  it  is  applicable  as  a 
modulator  for  tone  control  signals  and  digital 
signals,  as  well  as  voice  signals.  Impressing  the 
modulation  input  voltage  on  the  varactor  of  an 
indirect-temperature  compensation  circuit  is  dis¬ 
advantageous  because  the  temperature  compensation 
action  changes  the  operating  point  of  the  varactor 
diode,  resulting  in  a  change  in  the  modulation 
sensitivity  and  a  worsening  of  the  modulation  dis¬ 
tortion.  Generally,  the  modulation  distortion  of 
a  VCXO  depends  more  on  the  operating  point  of  the 
varactor  diode  than  the  operating  point  of  the 
load  capacitance  of  the  crystal  resonator. 

Separating  the  modulation  function  and  temperature 
compensation  function  is  convenient  from  both  the 
standpoint  of  design  and  adjustment.  When  these 
two  functions  are  separated,  the  use  of  a  direct- 
temperature  compensation  circuit  that  uses  few 
parts  is  advantageous.  Fig.  21  shows  the  various 
characteristics  of  the  VCXO  as  a  frequency  modula¬ 
tor.  These  characteristics  adequately  meet  the 
demands  of  radio  equipment.  The  C/N  characteristic, 
in  particular,  is  identical  to  that  of  a  con¬ 
ventional  crystal  oscillator  as  shown  in  Fig.  22. 

Conclusions 

The  compensation  ability  of  a  direct- 
temperature  compensation  system  was  shotm  by  simu¬ 
lation.  The  two-point  compensation  design  method 
and  an  effective  trimming  resistance  were  intro¬ 
duced.  Element  sensitivity  was  used  ti  show  the 
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affect  of  aging  of  the  thermistor,  the  main  element. 
It  was  also  shown  that  there  are  no  problems  in 
actual  measurement.  The  necessary  equations  to 
calculate  the  negative  resistance  margin  for  com¬ 
pensation  circuit  network  loss  were  introduced. 

The  technique  to  obtain  an  output  level  stable 
against  changes  in  this  loss  was  also  shown.  The 
direct-temperature  compensation  TCXO  is  a  compact, 
low  cost  unit  that  fills  the  gap  between  PXO 
(Packaged  Crystal  Oscillator)  and  conventional 
indirect-temperature  compensation  TCXO.  This  type 
of  oscillator  is  applicable  to  150  or  400  MHz  band 
modible  radio  communications  12.5  kHz  spacing 
systems  and  800  MHz  band  mobile  radio  communi¬ 
cations  25  kHz  spacing  systems  and  futher  develop¬ 
ments  are  expected. 
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Fig. 2  Basic  Two- Point  Compensation  (Low  Tamparatura  Portion) 
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Fig.3  Basic  Two-Point  Compensation  (High  Tamparatura  Portion)  Fig.4  Combination  of  Low  and  High  Tamparatura  Compensation 
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Fig.  5 
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Fig.6  Simulation  of  Two- Point  Compensation  With  Trimming  Resistor 

(Low  Temporal ura  Portion) 


Fig.  12  Photograph  of  Actual  Direct-TCXOs 
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Fig.  14  Electrical  Characteristics  of  30-Ohm  Thermistor  at  High  Frequency 
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Fig.  15  Accelerated  Test  of  Thermistor  Stability  Fig.  16  F-T  Characteristics,  Before  end  After  Aging 
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Fig.7  Simulation  of  Two* Point  Compensation  With  Trimming  Resistor 

(High  Temperature  Portion) 


Pig.8  Input  Impedance  of  Negative  Resistance  Generator 
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Fig.9  Negative  Resistance  Change  vs.  Emitter  Load 
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Fig.  10  Output  Voltage  Change  vs.  Loss 


Fig.  1 1  Temperature  Dependence  of  Output  Level  in 
Practical  Oscillator 
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Fig.  1 7  Typical  Characteristics  of  Practical  Oscillator  Fi*18  F'T  Distributions.  Low-Temperature  Compensated 
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Fig.20  Typical  Aging  Data 


Fig.  1 9  F/T  Distributions,  Both  Low  and  High  Temperature  Compensated 


Fig.2l 


lUtney  Modulation  Charaeteristies 
asured  After  X6  Frequency  Multiplication,) 


Fig. 22  Typical  Short  Term  Stability  of  TC-VCXO 
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This  paper  discusses  several  important  as¬ 
pects  of  a  new  temperature  compensation  scheme 
that  utilizes  a  custom  designed  linear  integra¬ 
ted  circuit  to  provide  a  piecewise  nonlinear 
compensated  AT  cut  TCXO  for  use  in  volume  pro¬ 
duction.  The  IC  is  designed  to  provide  tem¬ 
perature  performance  to  +2ppm  from  -40°C  to 
+95°C.  The  principle  market  for  this  TCXO  is 
in  mobile  and  portable  two-way  communication 
systems  with  available  supply  voltages  as  low 
as  4.5VDC  and  permissable  compensation  current 
drains  of  less  them  1mA. 

This  heart  of  the  compensation  circuit  is 
a  bipolar  IC  consisting  of  an  internal  voltage 
regulator,  a  linear  response  voltage  versus 
temperature  detector,  three  individually  con¬ 
trolled  differential  amplifiers  for  cold,  li¬ 
near  and  hot  temperature  ranges  and  current 
summing  amplifiers.  External  to  the  IC  are 
resistors  that  are  adjusted  to  individually 
tailor  the  response  of  each  circuit. 

Included  in  this  paper  is  a  description  of 
the  compensation  circuit,  a  discussion  of  tem¬ 
perature  compensation  techniques  and  typical 
performance  characteristics . 

Introduction 

The  design  of  portable  two-way  communications 
equipment,  as  shown  in  Figure  1,  has  created  a 
unique  set  of  oscillator  requirements  not  col¬ 
lectively  found  in  other  products.  These 
requirements  include: 

1.  Temperature  stability  specifications 
meeting  the  need  of  the  marketplace  and  FCC  reg¬ 
ulations.  Minimally  this  is  +5ppm  from  -30°C  to 
+70°C.  For  800MHz  radios  performance  to  +2ppm 
is  required.  Certain  mobile  applications  require 
performance  to  +2ppm  from  -40°C  to  +95°C. 

2.  The  oscillators  must  be  capable  of  direct 
frequency  modulation  (DFM)  to  handle  a  wide 
variety  of  digital  as  well  as  audio  transmissions. 
Modulation  must  remain  within  5%  of  the  room 
reference  modulation  level  while  maintaining  a 
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a  distortion  of  less  than  4%  as  the  TCXO  is  tested 
over  the  temperature  range. 

3.  The  package  size  must  be  as  small  as  pos¬ 
sible,  as  the  marketplace  demands  the  lightest, 
smallest  radio  possible  for  user  convenience. 

4.  Current  drain  for  the  oscillator  in  por¬ 
table  applications  must  be  as  low  as  possible  in 
order  to  maximize  battery  lifetime.  Typically  the 
oscillator  draws  15%  to  35%  of  the  entire  standby 
current.  Sideband  noise  performance  of  better 
than  -155dB/Hz  must  be  maintained  at  this  low 
current  level. 

5.  The  oscillator  should  operate  from  a  low 
voltage  power  supply  to  allow  the  battery  to 
produce  a  maximum  ampere-hour  rating  from  a  given 
volume. 

6.  The  frequency  output  of  the  TCXO  should 
be  at  as  high  a  frequency  as  possible.  This 
reduces  the  degradation  of  the  signal  to  noise 
ratio  caused  by  the  multiplication  that  would 
otherwise  be  required.  Other  advantages  of  higher 
frequency  operation  are  that  the  overall  radio 
volume  is  reduced,  the  current  drain  is  lowered 
by  the  reduction  of  the  number  of  frequency 
multiplication  stages  and  the  reliability  is  im¬ 
proved.  This  is  generally  accomplished  by  sel¬ 
ecting  a  harmonic  of  a  third  or  fifth  overtone 
oscillator. 

These  specifications,  coupled  with  volume 
production,  ease  of  manufacturing  and  low  product 
cost  requirements,  were  best  met  with  the  use  of 
thick-film  design  techniques.  Thick-film  con¬ 
struction  and  stringent  reliability  requirements 
dictate  that  there  be  minimal  parts  change-out 
during  the  compensation  procedure.  Therefore, 
such  existing  techniques  as  thermistor-capacitor 
or  thermistor-resistor-varactor  compensation  were 
not  practical  as  parts  change-out  is  required  to 
meet  tesgwrature  stability  requirements.  Theo¬ 
retical  approaches  determining  the  proper  selec¬ 
tion  of  compensation  components  without  iteration, 
such  as  Swanson  and  McVey  ,  while  being  valuable 
for  low  volume  precision  TCXO's  require  highly 
characterized  and  consistent  parts  and  repeatible 
third  order  performance.  Such  techniques  are 
inconsistent  with  the  cost  goals  of  this  product. 
Compensation  schemes  providing  central  compensation 
for  several  TCXO's  in  a  radio  meet  many  of  the 
requirements,  but  fail  to  allow  for  unit  to  unit 
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nonlinearities.  This  can  create  a  problem  when 
compensating  the  oscillators  to  +2ppm. 

Digital  compensation  schemes,  while  providing 
superior  performance  for  frequency  versus  temper¬ 
ature  requirements  of  less  than  +lppm  draw  too  much 
current  and  consume  excessive  space  for  an  oscil¬ 
lator  with  the  above  requirements. 

In  order  to  meet  the  oscillator  specifica¬ 
tions,  a  series  of  compensation  requirements  was 
generated.  These  include: 

1.  Of  all  options  studied,  the  combination 
of  minimal  size,  low  cost  and  high  reliability 
would  be  best  met  by  developing  a  custom  integrated 
circuit  compensation  network  with  little  inter¬ 
action  among  the  various  temperature  ranges. 

Changes  could  therefore  be  made  in  one  range  with 
minimal  changes  occurring  in  the  other  temperature 
ranges. 

2.  As  the  space  available  is  quite  limited 
the  number  of  degrees  of  freedom  available  for 
oscillator  compensation  had  to  be  minimized. 
Therefore,  as  much  control  as  possible  had  to  be 
built  into  the  I.C. 

3.  In  addition  to  compensating  for  the 
theoretical  Bechmann  equation,  the  circuit  must 
allow  for  minor  oscillator  or  crystal  anomalies 
such  as  nonlinear  temperature  characteristics  in 
the  capacitors,  coils  and  varactors  or  variations 
in  crystal  response  induced  by  stress. 

4.  All  adjustments  must  be  made  by  laser 
trimming  resistors  and  not  by  replacing  parts. 

This  will  increase  product  reliability  by  having 
minimal  rework  performed  on  the  oscillator. 

5.  All  adjustments  must  leave  the  nominal 
varactor  voltage  unchanged.  Distortion  in  mod¬ 
ulated  units  will  thus  not  be  increased  by  opera¬ 
tion  at  an  undesired  varactor  bias  point  and  no 
further  parts  adjustment  would  be  necessary  to 
return  the  oscillator  to  nominal  frequency. 

6.  The  crystal  angle  range  to  be  compensated 
had  to  be  maximized  in  order  to  reduce  the  cost  of 
the  crystals  by  reducing  the  crystal  testing  labor 
and  reducing  the  amount  of  scrapped  material.  This 
requires  that  the  compensation  range  be  fairly 
large. 

7.  Current  drain  had  to  be  kept  as  low  as 
possible;  less  than  0.7mA  nominal  for  a  -30°C  to 
70°C  temperature  rgnge  and  less  than  1.2mA  nominal 
for  a  -40°C  to  +95  C  range. 

8.  Voltage  requirements  had  to  be  as  low  as 
practical,  allowing  only  enough  voltage  to  swing 
the  varactor  to  compensate  a  circuit  of  appropriate 
sensitivity. 

Compensation  Description 

The  technique  selected  to  meet  these  criteria 
is  illustrated  in  Figure  2.  This  IC  contains 


three  separate  current  versus  temperature  gen¬ 
erators,  each  operating  in  its  own  temperature 
range  and  generating  a  changing  output  current 
as  a  function  of  temperature.  These  currents 
are  summed  in  the  current  summing  amplifiers 
and  converted  to  voltage  to  drive  the  varactor 
in  the  load  resistors.  One  temperature  sensor 
drives  all  three  generators  and  all  voltages  are 
controlled  by  an  integral  voltage  regulator. 

For  convenience,  the  three  temperature 
ranges  are  referred  to  as  cold,  linear  and  hot. 

The  linear  range  is  the  region  between  the  two 
turnover  temperatures,  while  the  cold  is  the 
region  below  the  lower  turnover  temperature 
and  the  hot  is  the  region  above  the  upper  turnover 
temperature . 

All  three  temperature  range  generators,  as 
in  Figure  3,  work  in  a  similar  fashion.  Each 
gerierator  is  a  differential  amplifier  with  emitter 
degeneration,  (hie  input  is  tied  to  a  reference 
voltage  established  by  a  resistive  voltage  divider 
consisting  of  resistors  with  carefully  controlled 
temperature  coefficients  of  resistance  connected 
to  a  voltage  regulator.  The  other  input  is  a 
voltage  from  the  temperature  sensing  network. 

The  first  of  these  voltages  remains  essentially 
constant  versus  temperature,  while  the  second 
changes  at  a  constant  rate  of  -8mV/°C.  The  rate 
of  change  of  the  output  current  is  adjusted  by 
the  value  of  the  resistor  in  the  current  source. 

Figure  4  illustrates  the  range  of  curves 
possible  from  the  linear  section  with  the  ordinate 
showing  the  current  injected  by  the  differential 
amplifier  into  the  current  summing  amplifier. 

The  linear  curve  is  essentially  linear  in  the 
central  portion  while  becoming  third  order  at  its 
extremes.  The  hot  and  cold  sections  operate  in 
a  similar  fashion  with  typical  outputs  illustrated 
in  Figures  5  and  6.  When  the  output  currents  of 
the  linear,  cold  and  hot  circuits  are  summed,  a 
response  such  as  that  shown  in  Figure  7  is  gener¬ 
ated.  As  curves  for  higher  angle  crystals  are 
generated,  the  turnover  temperatures  move  out, 
just  as  they  do  in  an  AT  cut  crystal.  This  is  a- 
chieVed  by  the  careful  selection  of  the  internal 
resistor  values  in  the  differential  anq?lifie:  s. 

While  the  circuit  could  have  been  construc¬ 
ted  to  provide  an  equivalent  Bechmann2  curve  with 
one  adjustment  driving  all  three  differential 
amplifiers,  it  was  decided  to  use  a  three  adjust¬ 
ment  technique  to  allow  added  versatility.  While 
a  theoretical  crystal  follows  Bechmann' s  curves, 
an  entire  oscillator  can  readily  deviate  from  the 
theoretical.  This  technique  permits  the  com¬ 
pensation  to  correct  to  some  degree  for  both 
crystal  and  circuit  anomalies.  Thus,  mounting 
strain  induced  crystal  variations,  variations  in 
the  IC  build  and  linear  and  nonlinear  variations 
in  oscillator  temperature  performance  cam  be 
corrected.  The  total  adjustment  range  is  large 
enough  to  accomodate  the  desired  angle  range . 
Figures  4,  5  and  6  show  the  change  in  circuit 
current  possible  for  changes  in  the  respective 
linear,  cold  and  hot  resistors. 
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In  addition  to  the  adjustments  mentioned,  two 
other  adjustments  are  made.  Variations  from  IC 
to  IC,  not  to  mention  variations  from  crystal  to 
crystal  require  an  adjustment  in  the  location  of 
the  inflection  temperature  in  the  compensation 
circuit.  This  is  accomplished  by  adjusting  Rj  in 
Figure  2.  Secondly,  different  circuits  such  as 
fundamental,  third  overtone  and  fifth  overtone, 
modulation  requirements  and  stability  require¬ 
ments  necessitate  that  the  varactor  be  driven  at 
different  voltages  and  that  different  circuit 
sensitivities  be  establised.  Both  of  these  func¬ 
tions  are  controlled  by  adjusting  the  load  resis¬ 
tors  Rj^  and  rl2  of  Figure  2. 

An  internal  voltage  regulator  is  included  to 
provide  each  oscillator  with  a  predetermined  vol¬ 
tage  supply  characteristic.  As  the  unit  is  quite 
susceptible  to  voltage  variations  as  a  result  of 
the  varactor  and  the  high  sensitivity  required 
by  direct  frequency  modulation  in  the  transmitter 
TCXO,  it  is  manditory  to  have  a  regulator  within 
each  oscillator.  As  the  regulator  is  internal  to 
the  oscillator,  the  effect  of  its  voltage  versus 
temperature  characteristic  on  frequency  is  removed 
during  compensation.  The  regulator  is  designed 
so  as  to  supply  an  output  voltage  with  as  little 
internal  drop  as  necessary.  This  regulator  will 
still  work  with  as  low  as  a  0.2VDC  series  drop. 

The  temperature  sensor  is  four  diodes  connected 
in  series  and  run  with  a  fixed  current  provided 
by  the  voltage  regulator.  Each  diode  has  a  linear 
temperature  coefficient  of  -2mV/°C  so  that  the 
total  temperature  slope  is  -8mV/°C.  Again  the 
effects  of  nonlinearities  are  corrected  during 
compensation. 

Due  to  the  circuit  complexity  of  this  design, 
an  empirical  approach  utilizing  basic  differential 
amplifier  techniques  was  used  during  the  initial 
phases.  This  was  then  refined  using  an  inhouse 
circuit  analysis  computer  program.  In  addition  to 
refining  the  design  the  program  was  also  used  for 
tolerance  studies  and  worst  case  design  analysis. 

Compensation  Techniques' 

The  compensation  circuit  is  laser  trimmed  in 
three  distinct  steps.  In  the  first  of  these,  the 
load  resistors  on  the  output  of  the  current  to 
voltage  converter  are  trimmed  to  value  with  no 
circuitry  other  than  the  thick  film  resistors  pre¬ 
sent.  This  trim  is  done  along  with  all  of  the 
other  resistors  not  requiring  later  adjustment. 

All  of  the  parts  including  the  I.C.  are  mounted 
next  and  the  inflection  point  setting  resistor 
is  trimmed  while  room  temperature  is  being  mon¬ 
itored  to  provide  proper  setting.  The  oscillator 
is  now  in  a  state  where  all  of  the  differential 
amplifier  control  resistors  are  undervalue  so  that 
they  can  later  be  adjusted  upward  to  the  value 
required.  At  this  point  the  oscillator  is  ready 
to  enter  the  automated  data  acquisition  and  laser 
resistor  trimming  system  of  Figure  8.  The  os¬ 
cillator  is  cycled  over  the  appropriate  tempera¬ 
ture  range  and  frequency  readings  are  made  at 
predetermined  temperatures  to  determine  the  slope 
of  the  oscillator  compensation  in  the  linear, 


cold  and  hot  ranges.  The  minicomputer  controls 
the  temperature  chamber,  the  frequency  counter 
and  the  network  switching  among  the  48  oscillators 
being  simultaneously  tested.  All  of  the  frequency 
versus  temperature  data  is  stored  on  a  disc  for 
later  retrieval.  Upon  completion  of  the  tem¬ 
perature  run  the  TCXO's  are  taken  to  the  YAG  laser 
resistor  trimming  system.  At  the  laser  station, 
the  oscillator's  sensitivity  in  ppm/volt  and  the 
initial  value  of  the  resistors  in  the  differential 
amplifiers  current  sources  are  measured  and  this 
data  is  fed  to  the  minicomputer.  This  data  along 
with  the  recalled  temperature  data  is  processed  in 
an  algorithm  and  new  resistor  values  are  fed  to 
the  laser  station.  The  laser  then  trims  the  re¬ 
sistor  to  the  appropriate  value  and  the  oscil¬ 
lators  are  given  a  varification  test. 

Experimental  Data 

Such  an  integrated  circuit  has  been  designed 
and  chips  have  been  made.  These  chips  have  been 
mounted  in  cotnmerical  chip  carriers  for  ease  of 
handling  and  Me  attached  to  the  substrate  with 
normal  solder  reflow  techniques.  Several  oscil¬ 
lator  designs  for  various  requirements  have  been 
built  and  tested.  The  oscillator  in  Figure  9 
is  designed  to  provide  +2ppm  performance  from 
-40°C  to  +95°C.  Total  current  drain  for  the  com¬ 
pensation  circuit  is  less  than  1.2mA  and  the 
circuit  is  able  to  utilize  a  crystal  with  an  angle 
range  of  three  minutes.  Figure  10  shows  initial 
cystal  frequency  versus  temperature  performance 
and  total  oscillator  performance.  This  oscillator 
and  several  other  models  are  now  being  produced 
using  the  system  of  Figure  8,  in  volume  and  are 
being  used  in  several  radio  lines.  Applications 
not  requiring  -40°C  to  +95°c  performance  are  being 
built  with  a  compensation  current  of  less  then 
0.7mA. 

Conclusions 

A  new  temperature  compensation  scheme  for  AT  cut 
bulk  resonators  has  been  reviewed.  This  scheme 
generates  a  piecewise  non-linear  approximation 
utilizing  differential  amplifier  techniques  and 
has  been  incorporated  into  an  integrated  circuit. 
By  design  the  hot,  cold  and  linear  compensation 
regions  can  be  made  so  that  interactions  are 
reduced  to  a  minimal  level,  thus  providing  a 
simple  compensation  technique  without  having  to 
replace  any  parts.  It  provides  a  low  cost  and 
reliable  method  of  producing  miniture  TCXO's  in 
volume.  Oscillators  are  now  being  shipped  that 
achieve  +2ppm  from  -40°C  to  +95°C  performance. 
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Abstract 


The  reactance  associated  with  a  crystal  must 
be  adjusted  to  maintain  the  desired  frequency  of  an 
oscillation  when  aging  occurs.  In  the  case  of 
TCXOs  this  reactance  change  modifies  the  circuit 
trim  sensitivity  which,  in  turn,  results  in  temperr 
ature  compensation  frequency  error  that  depends  on 
crystal  aging,  tum-to-tum  frequency  deviation  and 
circuit  configuration.  The  analysis  of  TCXO  error 
due  to  aging  adjustment  for  three  basic  circuit 
configurations  is  presented  and  illustrated  with 
sample  calculations.  The  series  mode  circuit  is 
the  best  of  the  three  configurations. 


been  taken  into  account  in  the  manner  of  Ballato3 
but  this  can  be  done. 


Parallel  Trimmer  Configuration 

One  of  the  basic  configurations  has  the  fre¬ 
quency  trimming  capacitor  Op  in  parallel  with  the 
crystal  as  3hown  in  Pig.  1,  The  varicap  Cy  used 
for  TCXO  operation  and  other  circuit  capacitors  may 
be  combined  into  an  equivalent  capacitor  Ceq  as 
shown  in  Fig,  2  where 


1_ 

Cs 


(1) 


Introduction 


As  is  well  known,  TCXOs  use  temperature  sensi¬ 
tive  means  to  modify  the  reactance  associated  with 
crystals  to  produce  an  effect  which  ideally  is 
equal  and  opposite  to  crystal  and  circuit  tempera^ 
ture  related  frequency  variations.  The  reactance 
associated  with  the  crystal  is  also  varied  to  com¬ 
pensate  aging  and,  unfortunately,  this  variation  in 
reactance  changes  the  trim  sensitivity.1  Thus  the 
temperature  compensation  is  dependent  on  aging  ad¬ 
justments.  There  appear  to  be  no  easy  ways  to 
avoid  the  trim  sensitivity  problem,  so  it  is  impor¬ 
tant  to  define  its  extent  for  commonly  used  circuit 
configurations  and  suggest  specification  procedures 
to  assure  oscillator  users  that  TCXO  performance 
will  be  adequate  when  aging  corrections  are  made. 

The  problem  of  TCXO  error  due  to  aging  adjustr 
ment  is  not  new,  but  apparently  has  received  little 
attention  in  the  literature.  Gruen  et  al2  intro¬ 
duce  the  problem  in  a  report  and  suggest  a  circuit 
configuration  to  reduce  the  effect,  but  their 
treatment  contains  only  the  one  configuration  and 
no  analytical  guidelines  for  a  designer  or  user  of 
oscillators.  The  use  of  ganged  components  and  field 
calibration  procedures  have  been  emitted  in  the 
search  for  solutions  to  the  problem  (Gruen,  et  al2 
also  dismiss  these  possibilities) . 


and  Cs  is  the  combination  of  Cj,  and  Ce.  The  crys¬ 
tal  load  capacitance  is 

Cj,  »  Cr+Ceq  (2) 

The  term  Cy  may  contain  series  and  parallel  ele¬ 
ments  as  required  to  accomodate  circuit  operation. 
However,  in  all  cases  the  capacitor  networks  may  be 
reduced  to  the  equivalents  used.  As  usual,  the  mo¬ 
tional  capacitance  is  defined  as  Cj. 

The  well  known  relationship 

— ■  - ■C.1ACi  .  x  io&  ppm  (3) 

f  2  (C0+Cj)2 

provides  a  good  approximation  of  crystal  frequency 
behavior  for  this  configuration.  The  relationship 
between  Cy  and  to  use  in  (3)  to  account  for  var¬ 
icap  frequency  pulling  is  obtained  by  using  the 
value  of  Cgq  from  (1)  in  (2)  which  is  differen¬ 
tiated  to  obtain 


i£) t.  i 

/I  x  2 

Cv  (C7  V 


(4) 


For  incremental  variations  (4)  may  be  used  in  (3) 
to  obtain 


Three  generic  circuits  are  analyzed  and  sensi¬ 
tivity  equations  are  presented  for  designer  use. 
Sample  calculations  demonstrate  significant  differ¬ 
ences  in  the  ability  of  the  circuits  to  tolerate 
aging  adjustments.  Change  in  crystal  characteris¬ 
tics  and  functions  of  load  capacitance  have  not 


Af 

f 


C]ACy 


2CV2ffc  +  C, 


r~? 


'  (Co+0*)2 


x  106  PPM  (5) 


We  now  seek  the  sensitivity  of  this  relation¬ 
ship  to  changes  in  Op  (which  is  varied  to  compen¬ 
sate  crystal  aging) .  This  sensitivity  is 
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(6) 


2  1  12  3 

Cy  £-+  rY  (°0+C*> 

'T  '-s 


For  small  changes  (6)  may  be  written  as 


A  ,Af. 

A  (j“)  = 


AC^AC^ 

cv2<fe+57>2<co+c*>3 


X  10°  PPM  (7) 


This  can  be  used  as  the  basic  TCXO  error  equation 
for  the  parallel  circuit  configuration.  Enter  ACV 
for  the  maximum  Af/f  required  to  TCXO  the  crystal. 
Enter  AC?  required  for  maximum  aging  compensation. 
The  result  will  be  the  worst  case  TCXO  error. 

Equation  (7)  may  be  written  directly  in  terms 
of  the  maximum  TCXO  pull,  p,  and  aging,  a,  where 
these  values  are  in  PPM.  From  (5) ,  Af/f  equals  p 
and 


AC.,  =  — 


2pCv2  (g^-  +  g— ) 2  (Cq+C^)  2 


X  10-6  pf  (8) 


Differentiate  (2)  to  establish 


ACt  =  ACj. 


Then,  from  (3)  and  (9) 


2a(Cn+Co)2  cl 

Act  - -  x  10-6  pf  (10) 

""l 

Using  the  values  from  (8)  and  (10)  in  (7)  gives 

,  ,Af ,  4ap(C0+CX)  , 

A(m-)  =  - - - x  lo  o  ppm  (11) 


This  is  the  basic  TCXO  error  equation  for  the  par¬ 
allel  configuration  in  terms  of  the  aging  specifi¬ 
cation  and  the  crystal  pull  specification. 

Example 

Determine  the  TCXO  error  resulting  from  aging 
compensation  for  a  parallel  circuit  configuration 
with  the  specifications : 

Cx  =  0.0125  pf 
CQ  =  3  pf 
C l  =  27  pf 

a  =  5  PPM  (maximum  aging) 

p  =  15  PPM  (maximum  crystal  pull  for  tempera- 


From  (11) 


ture  compensation) 


(Af.  =  4  (5)  (15)  (3+27)  6 

a'f  0.0125  ° 


=  0.72  PPM 

This  means  that  an  oscialltor  which  compen¬ 
sates  15  PPM  of  crystal  change  due  to  temperature 
variation  when  it  is  now  will  compensate  only  14.28 


PPM  after  being  adjusted  to  accomodate  +5  PPM  of 
aging  or  15,72  after  accomodating  -5  PPM  aging. 
Thus,  to  meet  the  ambient  temperature  specification 
0.72  PPM  should  be  allocated  to  aging  effects.  Un¬ 
fortunately,  the  example  specifications  used  are 
not  uncommon,  so  a  serious  design  problem  may  ex¬ 
ist,  The  problem  may  be  minimized  by  using  a  bet¬ 
ter  crystal  to  reduce  aging,  minimize  the  pull 
range,  p,  or  use  a  better  circuit  configuration. 

Series  Trimmer  Configuration 

The  series  circuit  configuration  is  shown  in 
Fig.  3.  The  trimmer  and  its  associated  capacitance 
is  Cj  (C0  is  not  included)  and  contains  the  varicap 
Cv  and  other  circuit  capacitance  Cs  such  that 

cL"=5_+5~  (12) 

*-eq  cv  '-s 

For  this  circuit 

■  §5% 

The  change  in  load  capacitance  due  to  varicap  vari¬ 
ation  is 

- Sffl.  ,  04) 

3CV  (Ceq+CT)2(CS+Cv)2 

so  for  small  changes 

Af  _  CiCT2Cs2ACy _ 

f  "  2  (Ceq+CT) 2  (Cs+Cv) 2  (C0+C*) 2 

The  change  in  this  Af/f  due  to  a  change  in  CT  for  a 
given  is 


8(F~}  =  4ap(C0+C)t)C0 
SOp  CjCjj. 


From  (11)  and  for  small  AC^ 

A(^)  =  r^-t A  (^— )  parallel  case]  (17) 

The  series  configuration  is  superior  to  the  paral¬ 
lel  case  by  the  factor  Cq/Cjj,  a  rather  dramatic  re¬ 
sult  because  approximately  ah  order  of  magnitude  is 
involved. 

Example 

Use  the  specifications  of  the  parallel  circuit 
configuration  and  compute  TCXO  error  due  to  aging 
corrections. 

From  (17)  and  the  previous  example 

.  ,Af,  3(0.72) 

A{f~)  =  — - 

=  0.080  PPM 

This  is  almost  negligible  for  a  1  PPM  oscillator, 

but  vQUld.be  significant  in  the  case  of  a  0.2  PPM 
specif  icartlon , 


Series  Mode  Operation 

In  the  first  two  cases  the  crystals  are  oper¬ 
ated  in  the  parallel  mode.  In  this  example  the 
crystal  is  operated  in  the  series  mode,  so  an  ex¬ 
ternal  inductor  L2  is  required  to  allow  frequency 
adjustment  above  and  below  the  series  mode  fre¬ 
quency.  This  case  also  differs  from  the  other 
cases  in  that  it  will  be  assumed  that  Cp  is  the 
variable  component  for  both  aging  correction  and 
temperature  compensation. 


We  are  denied  the  use  of  (3)  in  this  configur¬ 
ation  and  must  derive  an  appropriate  A f/f  equation. 
For  the  idealized  circuit,  the  impedance  of  the 
crystal  will  be  equal  and  opposite  to  the  external 
circuit  impedance  when  oscillation  occurs,  i.e,, 


( 3“%-  u^~>  5^ 


-jwt.2 


Cfp+C2 


(18) 


This  assumes  idealized  operation,  i.e,,  no  phase 
shift  other  than  90°  or  180°  increments  as  required 
in  associated  oscillator  circuitry.  Clear  frac¬ 
tions  of  u  in  (18)  to  obtain 


“4‘[t  +  +  Wo ]“2 

L2CTfC2  co+cl 

'19’ 


Define 


u)o  =  daCi)-1* 

(20) 

Ojp  =  (L20o)  11 

(21) 

ctC2  ,-Ai 
“2  (L2Ct+C2) 

(22) 

CQCl  _j, 

“3  "  ^0o+Cp 

(23) 

Then  (19)  becomes 

co4- (mi2+«22+“32>“2+uo2“l2+“22w32  =  0  (24) 

Make  a  substitution 

A  =  to2  (25) 

and  (24)  is  reduced  from  a  quartic  to  the  quadratic 
A2- ((oi2+w22+«32)  A+(0o2wi2+w22w32  =  0  (26) 

whose  solution  is 


u12+“22+“32±[  (wl2+o>22+W32)  2-4  (uo2w12+(j)22“32)  l*5 
A  -  2  ■  -  '  ' 

(27) 


would  ejqaect  complex  conjugates  in  this  situation. 
Use  (27)  in  (25)  and  write  in  terms  of  the  fre¬ 
quency  variable  f  where  the  2s  factor  cancels; 
write  as  fs  which  will  be  the  series  mode  oscilla¬ 
tion  frequency  for  the  total  circuit.  Use  the  mi¬ 
nus  sign  in  (27)  because  fs  must  be  lower  than  the 
sum  of  fi,  f2  and  f3,  i.e., 

fs  =  {f12+f22+f32-[(f12+f22+f32)2 

-  4(f02f12+f22f32)]'l)  »  2  (28) 

Now  determine  the  variation  of  f2  with  respect 
to  Cp.  All  the  frequency  terms  are  independent  of 
Cx  except  f2.  Differentiation  yields 

=-(C2{f2-[  (fl2+f22+f32)2-4(f02f12+f22f32)]->l 

X  t(fl2+f22+f32)f2-2f2f32]})  f  8sCTfs[L2CTC2(CTHC2)],J 

(29) 

Rewrite  for  incremental  changes,  divide  both  sides 
of  the  equation  by  f0  and  substitute  f2  for  its 
value  to  obtain 

-  AC1C1f22{l-[(f12+f22+f32)2 

-4(f02fi2+f22f32)  ]-)Jt  (fl2+f22_f32,  ]  }+4Ci  (CT+C2)  f0fg 

(30) 


Negligible  error  is  introduced  if  the  f0fs  term  is 
used  to  cancel  the  f22  term  to  obtain 


Af 


=  -  {[  (fi2+f22+f32)  -4(f02fi2+f22f32)],J 


-4(f02f12+f22f32)]'5  PPM 


(31) 


where  a  factor  has  been  added  to  convert  to  PPM. 

No  obvious  simplifications  present  themselves 
as  is  the  case  when  (3)  is  derived,  so  (31)  will  be 
the  principle  result  for  making  calculations.  Al¬ 
though  one  could  now  take  the  derivative  of  (31) 
with  respect  to  Op,  the  result  appears  to  be  more 
difficult  to  work  with  than  just  applying  (31)  with 
the  initial  value  of  Op  and  then  again  with  Op  af¬ 
ter  maximum  aging  and  then  taking  the  difference  of 
the  two  answers  to  determine  temperature  compensa¬ 
tion  error.  The  use  of  (31)  will  be  illustrated 
with  an  example. 

Example 


Determine  TCXO  error  resulting  from  aging  com¬ 
pensation  for  series  mode  operation  with  the  speci¬ 
fications  ! 


a  =  5  PPM 
p  =  15  PPM 
f0  =  10  MHz 
Co  =  3  pf 


There  are  two  values  of  A  in  (27)  and  accord¬ 
ing  to  (25)  each  value  of  A  yields  two  pairs  (val¬ 
ues)  of  w  which  are  the  negative  of  each  other.  We 
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Cp  =  0.0125 
Cp  =  lo  pf 
C2  =  120  pf 

From  (20) 

Lp  =  0.0202642  h 

Design  so  that  f0  --  f2  (in  which  case  (28)  reduces 
to  f0  or  f2  as  expected)  and  from  (22) 

L2  =  27.4411539  yh 

From  (21)  and  (23) 

fl  =  17  541  160.4  H2 

f3  =  10  020  820.76  Hz 

Now  calculate  CT  from  (31)  for  p  =  15 1 

15  =  62.44270AGp  PPM 

ACT  =  0.2402202  pf 

The  change  in  Gp  for  the  specified  a  using  the  pre¬ 
vious  calculation  is 

0.2402202(5) 

ACt  =  - — - 

=  0.080073400  pf 


Conclusions 

It  is  apparent  that  a  better  configuration 
than  those  considered  will  be  required  to  realize 
the  potential  of  digital  compensation  unless  very 
good  crystals  (expensive  crystals)  are  used  and  the 
temperature  range  is  constrained  to  keep  the  turn- 
to-tum  frequency  variation  relatively  small.  It 
is  concluded  that  TCXOs  should  be  tested  with  out¬ 
put  frequency  adjusted  to  the  maximum  aging  compen¬ 
sation  value. 
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